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 Ecologists have long been intrigued by patterns of spatial structuring for populations and 
communities inhabiting natural and, more recently, human-created ecosystems. Empirical and 
theoretical advancements have highlighted the importance of considering the effects of both 
historical (i.e., colonization history and priority effects) and contemporary processes (e.g., 
species sorting and interspecific interactions) when studying population and community 
dynamics. Multiple studies have documented that divergent population and community 
structures can arise in similar habitats when colonization history differs. For example, early 
colonists may hinder, inhibit, or in some cases facilitate colonization by later arriving taxa by 
altering the suitability of a habitat, especially in actively dispersing organisms. The importance 
of both abiotic and biotic factors on the establishment and subsequent success in a habitat has 
been well documented in a wide variety of taxa, though the relative importance of these 
processes has been shown to vary significantly among systems. Furthermore, the spatial 
distribution of patches in the landscape will shape the nature of these biotic interactions and thus 
have profound effects on local and regional processes. Given the complexity of these 
simultaneously acting factors, generating accurate predictions for the outcome of community and 
population structuring remains difficult for most systems. 
 In much of the developed world, human alteration of the landscape has necessitated the 
creation of safe and efficient stormwater management infrastructure. However, a by-product of 
this practice has included the development of newly created small ponds, which have been 
shown to harbor larval mosquitoes and other insects, crustacean zooplankton, and a wide range 
of other vertebrate and invertebrate organisms. Given their ubiquity and potential to harbor 
diverse communities, small stormwater ponds provide a unique opportunity in which to study the 
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mechanisms underlying the formation and dynamics of populations and communities. To this 
end, I use mosquito and zooplankton communities inhabiting newly created ponds as a model 
system to empirically and theoretically explore the factors underlying population and community 
structure. In Chapter 1, I use a stochastic and spatially explicit model to examine how pond 
network structure and the number and identity of ponds stocked, or removed, from the landscape 
contributes to overall patterns of metapopulation occupancy and robustness in a focal 
zooplankton species, Daphnia pulex. I parameterize this model with four-years of D. pulex 
occupancy data from a small network of 38 newly-constructed forested ponds at Svend O. 
Heiberg Memorial Forest (Tully, NY, USA). I show that the location of patches stocked or 
removed from the pond network has contrasting effects on metapopulation occupancy and 
persistence. When centrally-located ponds were removed from the network, the metapopulation 
collapsed rapidly. However, when initially founding a metapopulation, the location of ponds 
stocked does not appear to play an important role. Furthermore, I introduce a simple differential 
equation model that qualitatively matches results predicted by the stochastic simulations, but is 
less time intensive and computationally expensive to analyze. Chapters 2 and 3 examine larval 
mosquito and zooplankton communities inhabiting subsets of a 37 stormwater pond network in 
Champaign County, Illinois (USA) and provide insights as to the relative importance of the 
biotic and abiotic environment on the abundance and distribution of larval mosquitoes. In 
Chapter 2, I show that interspecific variation in predator- and competitor- avoidance behavior 
during the initial colonization by ovipositing mosquitoes may explain the negative association 
between zooplankton and mosquitoes in a multi-year field survey. In Chapter 3, I use structural 
equation modeling to explore the direct and indirect effects of multiple biotic and abiotic factors 
on the larval abundance of three common species of culicine mosquitoes (Culex pipiens, Culex 
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restuans, and Aedes vexans). I found that the three species varied in response to these factors. 
Predator abundance, which was driven by hydroperiod, was negatively correlated with Cx. 
pipiens abundance and positively correlated with Ae. vexans abundance. However, we found no 
variables that explained variation in the abundance of Cx. restuans. Combined, these studies 
highlight the complexity of ecological interactions that may occur in small ponds and how the 
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CHAPTER 1: HOW AND WHEN PATCH CENTRALITY AND NETWORK 




Despite advances in metapopulation theory over the past several decades, recent studies 
have emphasized the difficulty in understanding and accurately predicting dynamics in natural 
systems. We attempt to address this knowledge gap through our coupling of metapopulation 
theory with occupancy data from a large-scale and multi-year field survey. Herein, we couple 
four years of population data for the freshwater zooplankter, Daphnia pulex inhabiting 38 newly 
established and semi-natural ponds in Upstate New York, with (1) a spatially explicit stochastic 
model and (2) a deterministic model where we have averaged the spatial dependencies. We show 
that the centrality of ponds (stocked or removed) has contrasting effects on metapopulation 
persistence when selecting ponds to initially stock vs. selecting which ponds to preserve. The 
metapopulation was not robust to the removal of centrally located ponds as the removal of these 
ponds resulted in rapid collapse of the metapopulation. However, when initially founding a 
metapopulation, the location of patches initially stocked did not play an important role in overall 
metapopulation occupancy. We introduce a quantity that contains all spatial information that can 
be used to predict the quasi-steady state of the stochastic simulations. Using this quantity, we 
then show how the output of our simple differential equation model matched the quasi-steady 
state of the stochastic simulations quite well, but only in networks characterized by high 
connectivity. The method we use is general enough to be applied in other systems for which 
presence-absence time-series data exists, and provide insights for habitat conservation and 
restoration efforts including how network spatial structure can drive spatiotemporal 




Models of metapopulation dynamics, especially those based on the work of Levins 
(Levins 1969) and Hanski and collaborators (Hanski 1994, Hanski and Ovaskainen 2000) are 
numerous and well-studied (see Etienne and Heesterbeek 2000; Hanski and Ovaskainen 2003; 
Vergara et al. 2016 and references therein). A metapopulation is defined as a set of "spatially 
separated" populations that interact through the migration of individuals among populations 
(Levins 1969, Hanski 1998). As a result, patch occupancy is driven by local extinctions and 
recolonizations. This idea was formalized in 1969 by Richard Levins (Levins 1969), whose 
metapopulation model consisted of a single ordinary differential equation (ODE)  
!"
!#
= 𝑚𝑝(1 − 𝑝) − 𝑒𝑝,                                              (1) 
where p denotes the fraction of occupied patches in the network, m is the migration rate and e is 
the extinction rate for the patches (Levins 1969). Despite its simplicity, the Levins 
metapopulation model has influenced or served as the theoretical background for many 
subsequent metapopulation studies (Harrison 1991, Adler and Nuernberger 1994, Hanski and 
Ovaskainen 2000, Etienne 2002, Etienne and Nagelkerke 2002, Keeling 2002), both theoretically 
(Durrett and Levin 1994b, Green 1994, Bascompte and Solé 1996, Keymer et al. 2000, Black 
and McKane 2012, Thompson et al. 2016), and by fitting models to field or experimental data 
(With and Crist 1995, Hanski et al. 1996, Nichols et al. 1998, Lafferty et al. 1999, Tyre et al. 
2001, Molofsky and Ferdy 2005, Dorazio et al. 2010). 
Recent empirical studies suggest that spatially-realistic models better represent the 
biological reality (Allen 2007, Anderson et al. 2015). Using a network modeling approach, 
Gilarranz and Bascompte (2012) found significant effects of network spatial structure (i.e., the 
configuration of habitat patches) on patch occupancy dynamics and metapopulation persistence; 
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poorly connected patches were less likely to be encountered by dispersing propagules and thus 
failed to be initially colonized or recolonized following local extinction. Furthermore, Moilanen 
and Hanski (1995) found that their spatially-realistic model produced different dynamics from a 
spatially-explicit, but not realistic, cellular automata model of Melitaea cinxia butterflies. 
Additionally, habitat patches are not created equally; some patches may have greater 
effects on metapopulation dynamics than others (Hanski and Ovaskainen 2000, Minor and Urban 
2007, Bodin and Saura 2010). While habitat quality is often cited when evaluating patch 
importance, habitat connectivity can also play a crucial role in these dynamics (Moilanen and 
Hanski 1998, Calabrese and Fagan 2004, Pressey et al. 2007). When patches are nonuniformly 
arranged in the landscape, the rate and probability of colonization depends on their physical 
locations in space (Hanski and Ovaskainen 2000, Ellner and Fussmann 2003, Gilarranz and 
Bascompte 2012). This has led to the development of several connectivity indices (reviewed in 
Pascual-Hortal and Saura 2006) which have been used to assess the relative importance of 
patches based on their contributions to landscape connectivity (Pascual-Hortal and Saura 2008). 
Most notably, the graph-theory approach used by Urban and Keitt (2001) describes how reducing 
the distance among patches in a metapopulation can enhance patch persistence (i.e., finding the 
minimum spanning network tree). 
These theoretical studies all highlight the importance of incorporating spatially-explicit 
dispersal into metapopulation theory and continuing to do so will help generate applied 
knowledge that conservation and restoration planners can use to identify patches most important 
for a species' long-term persistence.  Furthermore, these modeling exercises may enhance 
restoration efforts by identifying optimal network structures that maximize metapopulation 
persistence (Schultz and Crone 2005, Vuilleumier et al. 2007).  
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Herein, we explore the effects of patch centrality and thus network connectivity on 
metapopulation dynamics through our coupling of metapopulation theory with field occupancy 
dynamics in a metapopulation of semi-natural freshwater ponds. Using a stochastic model based 
on the Levins framework (Levins 1969), we examine how the location of ponds initially stocked 
or removed from a metapopulation impacts site-specific occupancy dynamics and overall 
patterns of metapopulation occupancy and robustness (i.e., the ability of the metapopulation to 
resist regional extinction when patches are removed from the network). We then use spatial 
averaging methods to develop a simple ordinary differential equation (ODE) model; a method 
that is less computationally intensive to analyze and can be easily applied to other systems. 
Using these methods, we ask:  
(1) Does the threshold of initially occupied patches that precludes regional extinction depend 
on patch centrality?  
(2) How robust is the metapopulation to the removal of patches from the network and is 
patch centrality important?  
(3) How well does our simple ODE agree with the stochastic simulations? 
 
POND NETWORK AND MODEL APPLICATION 
Study system 
The current study is motivated by previously published data on the occupancy patterns of 
the focal species Daphnia pulex in a network of 38 semi-natural ponds in Upstate New York 
(Holmes et al. 2016a, 2016b). Daphnia inhabiting small freshwater ponds are an ideal system for 
examining metapopulation dynamics and have been the focus of numerous metapopulation 
studies (Shurin 2000, Pajunen and Pajunen 2003, Altermatt and Ebert 2008). Because ponds 
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have discrete borders, populations can be clearly delimited and easily monitored for extinction 
and recolonization events within and among years. Furthermore, modes and rates of dispersal in 
Daphnia have been well documented (Shurin 2000, Pajunen and Pajunen 2003, Havel and 
Shurin 2004). Daphnia are known to disperse via wind, rain, both large and small animal vectors 
(Cáceres and Soluk 2002, Allen 2007), and can colonize new habitats very rapidly (<7 days; 
Holmes et al. 2016a).While for other species, the validity of the Levins model has been 
questioned (Kritzer and Sale 2004), it has been argued that the Levins metapopulation paradigm 
fits Daphnia populations well (Harrison 1991, Bengtsson and Ebert 1998). In particular, 
colonizations and extinctions have been found to govern the distribution of Daphnia inhabiting 
rockpools (Bengtsson and Ebert 1998, Pajunen and Pajunen 2003). 
Unlike many other metapopulation studies, the network under consideration by our study 
is small (< 40 patches) and consists of patches that are non-uniformly distributed over an area of 
about 1 km2 (Fig. 1.1). As a result, some patches are highly connected (i.e., increased closeness 
centrality) and others are less-connected (i.e., decreased closeness centrality). As a result, 
stochastic effects are expected to be prominent, similar to the effect of demographic stochasticity 
on the dynamics of small populations (see Hanski et al. 1996 for a discussion). As a reference, in 
other studies of spatial network structure and metapopulation persistence, the number of patches 
is in the order of thousands: 1,024 patches in Gilarranz and Bascompte (2012) and 3,335 patches 
in Fortuna et al. (2006) were considered. 
The 38 ponds under examination in the field survey were created in the late-summer of 
2010 through mechanical soil excavation of the landscape and were designed to be spatially 
arranged in one of three clustering layouts (nine, three, or one pond(s) per cluster) with each 
cluster delimited into arbitrary landscape "hexagons". The spatial clustering of ponds was 
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intentional and allowed for companion studies to address questions pertaining to amphibian 
habitat conservation and restoration (Youker-Smith et al. 2018). Following their construction, D. 
pulex populations were stocked in 27 out of 38 of the ponds to empirically examine the effects of 
stocking diversity on landscape population genetic diversity dynamics (Holmes et al. 2016b). 
While many failed to establish, by May 2011, eleven ponds had detectable populations which 
served as sources of dispersing propagules in the metapopulation (Holmes et al. 2016b). Ponds 
were sampled bi-weekly from mid-May to mid-August in 2011 and 2012, and once in May of 
2013 and 2014, providing fifteen time points of population data. More specific sampling 
methods can be found in (Holmes et al. 2016b). During an initial survey of the region in 2010, 
we found 29 pre-existing natural ponds near or within the pond infrastructure that may have 
served as additional sources for potential colonists. However, these ponds were not sampled 
during the 2011 – 2014 field survey and the inclusion of a regional colonization term did not 
significantly alter the patterns observed in the stochastic simulation (Fig. A1). As a result, we 
made the decision to omit the effects of these ponds from subsequent analyses presented herein. 
Though patch size has been shown both empirically and theoretically to play an 
important role in population-level processes spanning extreme area ranges (25 - 550,500 m2 in 
Fortuna et al. (2006), 1.1 - 8,674 m2 in Frisch et al. (2012), see also (Hanski 1994, Day and 
Possingham 1995, Hill et al. 1996, Bender et al. 1998, North and Ovaskainen 2007, Prugh et al. 
2008), it was not included as a variable in our study. Ponds in our network had little variation as 
they were designed to be uniform in size (with variation being introduced during excavation). 
Area for each pond was estimated during a three-day period in May 2013 using measurements of 
the major and minor axes and ranged from 12 – 64 m2. A recent study by Frisch and colleagues 
of artificial and natural freshwater ponds found a significant effect of surface area on 
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colonization rates of cladoceran and copepod zooplankton (Frisch et al. 2012). At this scale, we 




We use a stochastic and spatially explicit model to examine the effects of network 
structure on spatial and temporal occupancy dynamics in our pond metapopulation. Similar 
models have been previously used in both theoretical (Roy et al. 2008) and empirical work 
(Lafferty et al. 1999) to study metapopulations. Our stochastic model considers a network of N = 
38 nonidentical patches (ponds) whose spatial configuration (location and distance) is based on 
the actual field configuration of ponds (Section: Study system; Fig. 1.1). The simulations begin 
with a subset of the 38 ponds being initially occupied. Unless otherwise specified, these initial 
conditions (IC) are the actual field occupancy data taken from the first sampling date in May 
2011 (ponds 4, 7, 10, 12, 20, 24, 26, 32, 34, 35, 36). At a given time instance t, each pond i is 
either occupied (δi(t)=1) or vacant (δi(t)=0), depending on two stochastic processes: extinction 
and colonization. We assume that the extinction probability of pond i, denoted by pe(i), can vary 
between ponds (representing slight ecological differences among ponds) but is fixed for a given 
pond over time. Specifically, each pond's extinction probability pe(i) is drawn from the uniform 
distribution 0.05 < Pe < 0.25, where Pe is fixed. 
The probability of colonization for a single pond i is determined by the between-pond 





With this probability kernel our network can be described as a weighted undirected network, 
where a link exists between two patches i and j if the distance between them  
is equal or lower than 1500 m. When they are connected, colonization can occur from 
i to j or j to i: we assume that colonization is independent of direction. Such networks  have been 
used in the past in both theoretical (Urban and Keitt 2001, Gilarranz and Bascompte 2012) and 
empirical studies (Fortuna et al. 2006). The colonization kernel of Eq. 2 is adopted based on 
findings from Daphnia dispersal experiments (Shurin 2000, Havel and Shurin 2004, Allen 2007) 
and is shown in (Fig. 1.2). 
The updating of the pond network is asynchronous meaning at each time t, the state of a 
single pond i, which is sampled from the discrete uniform distribution of the integers {1, ..., N}, 
changes according to the following two simple rules:  
i. If i is occupied (i.e., δi(t) = 1), it can go extinct with probability pe(i) or remain 
occupied with probability 1 − pe(i). This is implemented by first sampling a random 
number r from the standard uniform distribution. If r < pe(i), i becomes empty; 
otherwise it remains occupied. This method is similar to those employed by other 
authors (Lafferty et al. 1999, Roy et al. 2008). 
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ii. If i is empty, it has the potential to be colonized by other occupied ponds in the 
 landscape. Again, a number r is drawn from the standard uniform distribution; if 
r < /
𝑝0(𝑖, 𝑗)𝛿4(𝑡)




   then i becomes occupied; otherwise, it remains empty. 
In the model, 38 of these colonization/extinction updates correspond to the weekly time 
scale used in the field experiment. This algorithm is simulated for 5,000 - 50,000 updates (131 - 
1,315 weeks) to compare model results to observed dynamics in the field study.  We then 
replicate these simulations 1,000 - 10,000 times to obtain statistics about the state of each pond 
in the network. When studying the quasi-stationary state, to avoid transient dynamics, several 
thousands of initial updates are discarded and the fraction of occupied ponds is averaged over the 
remaining updates. 
 
Parameterization of model using field data 
As has been noted in other studies (Gilarranz and Bascompte 2012, Yackulic et al. 2015), 
there is an infinite combination of colonization and extinction probabilities that can produce a 
single quasi-stationary occupancy. Since the purpose of this work is not to fit the model to the 
field data but to explore metapopulation dynamics in small networks, parameters were selected 
in the following fashion. 
We used the algorithm outlined in “Stochastic model” to generate patterns of occupancy 
for different combinations of extinction and colonization probabilities. Each pond i was assigned 
an extinction probability (pe(i)) that was drawn from the uniform distribution U(Pe - 0.05 , Pe + 
0.05). Pe varied from 0.05 to 0.25 in our simulations.  The colonization probability also varied, 
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and was determined by the maximum colonization probability, Pc in Eq. 2, which we allowed to 
range from 0.15 to 0.65. It was found that the combination (Pc, Pe) = (0.5, 0.12) yielded an 
occupancy of around 50% which is close to the mean occupancy of the field data (53%) and also 
yields spatial configurations that are positively correlated with the data (Pearson correlation 
>40%, Figs. 1.3a and 1.3b). It is important to note that the selection of these parameter values 
reflect an assumption that our Daphnia metapopulation has reached its quasi-stationary state.  
Ponds that were predicted by the model to have high occupancy (Fig. 1.3a) corresponded 
with ponds that were often occupied across the four-year field survey (Fig. 1.3b). The difference 
between the model-predicted and field occupancy ranged from 54% under-predicted by the 
model (pond 24) to 53% over-predicted by the model (pond 34), with 12 out of the 38 ponds 
falling within ± 25% (Fig. 1.3c). Overall metapopulation occupancy in the field ranged from 
29% (May 2011) to 74% (May 2013; Fig. 1.3d).  
The degree of each node (patch) in the network is equal to 37, since our model, 
as parameterized above, is equivalent to a complete graph (each pair of nodes is connected by a 
link). Hence, instead of using degree as a metric of connectivity, we adopt closeness centrality 
(Estrada and Bodin 2008), namely the inverse sum of shortest distances to all other nodes from a 
focal node, as our connectivity metric. 
 
RESULTS 
Threshold of initially occupied ponds to preclude regional extinction  
Using techniques from the theory of Markov chains, it has been well established that the 
expected time to regional extinction depends on the initial state of the metapopulation (Nåsell 
2001, Grimm and Wissel 2004, Frank 2005). It is straightforward to see that in the deterministic 
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Levins model (Eq. 1) the zero steady state is unstable for  <
=
	< 1 and the population settles at the 
carrying capacity steady state 𝑝∗ = 1 − <
=
 which is stable. In a closed system (i.e., no 
colonization from the region), the state where all ponds are vacant is an absorbing state; once all 
ponds become vacant, they will remain vacant forever, since there is no chance of recolonization. 
Hence, in the stochastic simulations, this state is where the system will eventually settle after an 
exponentially long time. When the simulations are initiated with just a few occupied ponds, there 
is (due to stochasticity) a higher chance of getting to the absorbing state in a finite time. 
To investigate what the threshold of initially occupied ponds that precludes regional 
extinction is and the role of well-connected patches (patches characterized by increased 
closeness centrality) we performed the following analysis.  First, we simulated the 
metapopulation dynamics by assuming that nic, where nic varies from 1 to N, randomly chosen 
ponds were initially occupied. Ponds were randomly selected at the start of each simulation and 
each nic was simulated for 263 weeks (10,000 colonization/extinction updates) and was 
replicated 1,000 times. We then repeated the numerical experiment by initiating the simulation 
with the nic most (least) connected ponds, namely those whose closeness centrality is the largest 
(smallest), being occupied. The same number of updates (10,000) and replicates (1,000) were 
simulated, as in the random case. The results are shown in Fig. 1.4. The average mean occupancy 
(Fig. 1.4a) and the coefficient of variation (Fig. 1.4b) are shown as a function of nic. The 
coefficient of variation is defined as the ratio of the standard deviation over the mean, which 
makes the comparison of the three cases easy.  
The two major insights that emerge are: (A) there is a threshold in the number of initially 
occupied patches nic above which closeness centrality does not affect the mean patch occupancy 
(Fig. 1.4). For nic above this threshold, the coefficient of variation is very small and the three 
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ways of selecting the nic ponds are all equivalent. (B) The increased coefficient of variation can 
be used as a criterion to determine the minimum number of ponds required to be initially 
stocked. 
The increased coefficient of variance is driven by stochastic effects that are more likely to 
push the metapopulation to the absorbing state. To investigate this, we generated histograms 
using the algorithm outlined in “Stochastic model”. Specifically, we simulated the occupancy 
dynamics for 131 weeks (5,000 colonization/extinction updates) and replicated this 10,000 times 
for each nic. We discarded the first 2,000 colonization/extinction updates, which ensures that the 
quasi-stationary state has been reached. Then we recorded the frequency (counts) with which 
each percent occupancy was observed. 
One notices that for nic below a certain threshold, the histograms are bimodal (Fig. 1.4b). 
Namely, the simulations settle either at the trivial (absorbing) state or at the nontrivial one 
predicted by the deterministic model. Such noise-induced bimodality has also been observed in 
other systems (Artyomov et al. 2007, To and Maheshri 2010) where in the deterministic version 




Habitat patch networks in natural systems are dynamic (Fabritius et al. 2017); new 
habitats can be created (Chapman 2013), and existing habitats can become degraded (Mortelliti 
et al. 2010) or lost (Arntzen et al. 2017) over time. The dynamic nature of these networks can 
result in suboptimal networks (i.e., scenarios in which several habitats are uninhabitable and do 
not contribute to metapopulation dynamics) that may result in extinction of the metapopulation. 
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For freshwater invertebrates, such as Daphnia inhabiting vernal ponds, these uninhabitable 
periods can occur during seasonal pond desiccation (Pajunen and Pajunen 2003). Because most 
ponds failed to dry throughout the field survey (Holmes et al. 2016a), we did not examine the 
effects of removing ponds over time in our simulations; instead, we focus on varying network 
structure at the beginning of simulations and keeping these structures static throughout each 
simulation. To quantify the effect of habitat loss (patch removal) in a metapopulation, we 
focused on metatapopulation persistence, namely we studied how the quasi-stationary state 
varies as ponds are removed from our network. Ponds were removed in a random fashion, and 
also non-randomly, by selecting the nrem most or least connected ponds. 
Two key trends emerge as we increase the number of ponds removed from the network 
(decreasing the number of ponds in the network at the start of the model simulations). First, 
metapopulation occupancy decreases gradually in the case of random removal and the case when 
the most central ponds are removed; the opposite trend is observed in the removal of the least 
central ponds (Fig. 1.5). In this case, percent occupancy at the quasi-stationary state increases 
initially and starts decreasing only after more than 15 ponds have been removed. Even so, 
regional extinction occurs when nrem is almost 30. Hence, removing isolated ponds results in a 
better-connected remaining network with increased percent occupancy (Fig. 1.5). 
Comparing the role of closeness centrality in selecting which ponds to initially stock vs. 
selecting which ponds to preserve, we notice a striking difference. Specifically, while closeness 
centrality did not play a crucial role in selecting which ponds to initially stock, it appears to be 





Linking the Levins model to stochastic spatial simulations 
While stochastic simulations can be used to explore the role of extinction and 
colonization probabilities and network structure in metapopulation dynamics, they are 
nevertheless relatively time intensive and computationally demanding (Morozov and Poggiale 
2012). Hence, various approximations have been used to yield predictions in case networks are 
altered or dispersal and extinction processes are modified (Adler and Nuernberger 1994) and to 
compare intervention measures in case of habitat loss and other disturbances (Etienne and 
Nagelkerke 2002). Deterministic or stochastic master equations approximating stochastic 
simulations may also be easier to analyze and require fewer parameters. In this section, we 
develop, through spatial averaging, a minimal ODE model and demonstrate that its predicted 
steady states are in very good agreement with the ones obtained from the stochastic simulations. 
Based on the stochastic algorithm, if pond i is occupied at time t (δi (t) = 1), then it might 
become vacant with probability pe(i) or remain occupied with probability 1 - pe(i). Similarly, if 
pond i is vacant at time t (δi(t) = 0), then it might become colonized from pond j with probability 
pc(i,j) if pond j is occupied, namely if δj(t) = 1. Hence, if we denote the proportion of ponds 












where Mij and Ei denote colonization and extinction rates, as in the original Levin’s model 
(Levins 1969) given in (Eq. 1). Next, we set Ei = e assuming uniform extinction probabilities 
across all ponds. We also set Mij = Fm, where m is constant and F is calculated as follows. We 
find all pond distances and then bin them into classes that match the distances where the 
dispersal kernel experiences step-like decreases (Fig. 1.2b). We then calculate F as the weighted 







 ,                                           (3) 
where NB  = 6 is the number of bins in the histogram, B(k) is the height of the kth bin (see Fig. 
1.2b), and M(k) are given in Eq. 2. We note that F is independent of Pc, as can be seen from Eqs. 
2 and 3 and takes the value F = 0.5195. Finally, by setting Mij = Fm, we obtain: 
 
Assuming that we are at equilibrium (Holmes et al. 2016a), we can then solve for the nontrivial 
steady state: 
 
from which given the observed field occupancy p* = 0.5526, the ratio of extinction vs. 
colonization rates can be found to be <
=
 = 0.2388. 
We compared the resulting occupancy from our stochastic simulations to the non-trivial 
steady states predicted by the theoretical Levins model (Eq. 4) to examine the role of extinction 
and dispersal probabilities on metapopulation occupancy. Extinction probabilities pe(i) are 
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randomly drawn from the standard uniform distribution on the open interval (Pe - 0.05, Pe + 
0.05), where 0.05 ≤ Pe  ≤ 0.25 and dispersal probabilities pc(i,j) are given by Eq. 2, where 0.15 ≤ 
Pc ≤ 0.65. 
The theoretical line (with slope 0.2388 obtained from Eq. 5) exactly overlaps with the 
region in the phase space where percent occupancy is p* (Fig. 1.6). This indicates that the 
deterministic version of the model is sufficient should the objective of a study be to find overall 
metapopulation occupancy. Specifically, when one correctly averages the spatial inhomogeneity 
of the network, a simple ODE model can yield the quasi-stationary state observed in the 
stochastic simulations.  
The advantage of Eq. 5 is that it can be used to compare the effect of different network 
changes on percent occupancy. For instance, increasing habitat quality which is sometimes 
equivalent to decreasing e might be less preferable to varying the number N and connectivity F 
of patches. All this information is compactly contained in Eq. 5. Similar averaged measures have 
been used in previous studies of metapopulation persistence. For instance, in Grilli et al. (2015), 
the concept of metapopulation capacity (the leading eigenvalue of their dispersal matrix), first 
introduced in Hanski and Ovaskainen (2000), was used to compare metapopulation persistence 
in different fragmented habitats. Our expression (Eq. 5) is more comprehensive in the sense that 
it includes information on how both the number and the identity of removed ponds affect 
regional persistence. In contrast, one has to find the eigenvector corresponding to the leading 
eigenvalue of the dispersal matrix in order to link the identity of patches to the effect of their 
removal to metapopulation persistence (Hanski and Ovaskainen 2000, Grilli et al. 2015).  
As an application of our spatial approximation, we used it to predict percent occupancy 
as the nrem least connected ponds are removed from the network. The results are shown Fig. 1.7. 
17 
 
We notice that the approximation works well until about the 15 least central ponds have been 
removed. Since the approximation is in essence a mean-field approximation, it works well 
initially because the remaining network is better connected, and as expected, breaks down when 
the network becomes small (consisting of around 23 ponds). On the other hand, the 
approximation does not work when the most central ponds are removed, since the remaining 
network is both too small and not well connected, so a continuous approximation fails. 
 
DISCUSSION 
Through the coupling of numerical simulations with field occupancy data for the 
freshwater zooplankton Daphnia pulex inhabiting a newly established pond metapopulation, we 
provide additional evidence for the importance of network connectivity on metapopulation 
dynamics, including occupancy and persistence (Durrett and Levin 1994a, Hanski and 
Ovaskainen 2000, Roy et al. 2008, Gilarranz and Bascompte 2012). Results from our stochastic 
simulations show that the centrality of ponds manipulated in the network has contrasting effects 
when selecting ponds to initially stock versus selecting which ponds to preserve. We found that 
when creating a network of habitats, above a certain threshold the connectedness of ponds 
initially stocked does not affect metapopulation occupancy. However, when the goal is to 
preserve an existing network of habitat patches, preference should be given to preserving highly-
connected patches in the landscape. While results from our stochastic simulations suggest that 
our metapopulation is fairly robust to the removal of ponds from the landscape, we found that the 
loss of more-connected ponds rapidly eroded metapopulation occupancy and persistence when 
compared to the removal of random and less-connected ponds. Furthermore, we present a 
spatially-averaged ordinary differential equation (ODE) model that was effective at predicting 
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overall occupancy dynamics that were given by the spatially explicit stochastic model. However, 
the extent to which the two agree depends on network structure; networks characterized by high 
connectivity showed very strong agreement.  
Results from this study add to a long history of empirical and theoretical work 
highlighting the importance of patch connectedness on metapopulation dynamics (Hansson 1991, 
Baguette and Van Dyck 2007, Planes et al. 2009, Chapman 2013, Eaton et al. 2014, Wang et al. 
2015, Albert et al. 2017). This includes empirical work conducted in Daphnia metapopulations 
(Altermatt and Ebert 2008, 2010, Havel et al. 2012). Unexpectedly, however, was the finding 
that the stocking of central ponds did not influence metapopulation occupancy. It is possible that 
other unmodeled factors may have played a more important role than the number or location of 
ponds stocked in our system. Factors not examined by our study included habitat patch quality, 
population density, and temporal variation in colonization and extinction parameters which have 
been shown to enhance metapopulation dynamics and persistence in other studies (Moilanen and 
Hanski 1998, Sæther et al. 1999, Ovaskainen 2002, Anthes et al. 2003, Altermatt and Ebert 2010, 
but see Van Langevelde and Wynhoff 2009). For example, a study of multiple species by 
Thomas et al. (2001) found that habitat quality better predicted local patch occupancy than patch 
isolation. For our stochastic simulations, we allowed extinction rates to randomly vary between 
ponds but did not attempt to attribute this variation to real ecological differences among ponds. 
However, ecological differences likely exist; previously published work in this system has 
shown that the ponds differ in their community structure and in several measured abiotic 
variables (Holmes et al. 2016a). These differences may have had unmeasured effects on 
metapopulation dynamics observed in our system. 
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While the Daphnia system afforded a unique and significant opportunity to couple 
mathematical simulations with metapopulation dynamics in a large-scale and newly established 
field system, we acknowledge some limitations of our study and study system. Our model 
ignored the potential contributions of the Daphnia dormant egg bank and long-distance dispersal 
events on population occupancy dynamics in our metapopulation. In Daphnia, the production of 
desiccation-resistant dormant eggs (ephippia), which allow for dispersal through both time and 
space, has been shown to contribute to population dynamics (Hairston 1996, Cáceres 1997, 
Hairston et al. 2002). These eggs can also allow for colonization by long-distance dispersal 
events (Havel and Shurin 2004). As a result, ponds without detectable populations may have 
persisted through the dormant egg bank, resulting in false absences in our field data. 
Furthermore, ephippia production during late-summer may have allowed for spring D. pulex 
populations to be re-founded from overwintering ephippia (Pajunen and Pajunen 2003, Altermatt 
and Ebert 2008). At the start of the field survey, we documented 29 nearby ponds in the region 
(and there were likely many more in the landscape) that may have provided additional colonists 
to our system. These ponds may have provided dispersing adult or dormant eggs which can be 
transported by wind, rain, or animal vectors (Cáceres and Soluk 2002). However, when outside 
dispersal was factored into our model, the results of the model were not significantly altered 
(Fig. A1). The nature of our study system makes it difficult to disentangle the relative 
contributions of the dormant egg bank, long-distance dispersal events, and local overland 
dispersal on occupancy patterns. At this time, we cannot confidently determine whether the 
source of re-colonization propagules were from overland dispersal events or recolonization via 
the dormant egg bank. The use of genetic markers can and has been used to understand patterns 
of dispersal and colonization (Gagnaire et al. 2015, Geismar et al. 2015); however, the limited 
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genetic diversity of D. pulex in our metapopulation (8 distinct multi-locus clonal genotypes: 
Holmes et al. 2016b) limits our ability to implement such methods. 
Findings from our modeling exercises have important implications for habitat 
conservation and restoration efforts (Smith and Green 2005). In small freshwater ponds, climate 
and anthropogenic factors may affect habitat permeance and long-term persistence (Windmiller 
and Calhoun 2007, Vanschoenwinkel et al. 2009). As a result, these climatic and anthropogenic 
factors may, through altering patch quantity and connectivity, have significant effects on 
metapopulation persistence.  Herein, we provided further evidence for the role of connectivity on 
metapopulation dynamics using the Daphnia system and introduce an analytical approach that 
can be easily applied to other systems for which presence-absence time-series and dispersal data 
exists, such as in amphibian species under extinction threat (Anderson et al. 2015). Similar to 
other studies, our metapopulation was sensitive to the spatial structure of the pond network; 
removing highly connected habitats from the landscape can lead to widespread extinction (Hess 
1996). As a result, conservation efforts should be focused on highly-connected patches (Heller 
and Zavaleta 2009, Watson et al. 2017). This paper provides stochastic and ODE approaches that 
can be easily applied to other systems of interest to determine stocking and conservation 
strategies to enhance metapopulation persistence. While it is generally considered ideal to 
conserve or restore the maximum number of habitats to enhance metapopulation viability, results 
on metapopulation robustness from our stochastic simulations suggest that the (temporary or 
permanent) loss of a few patches from the landscape does not necessarily yield regional 
extinction. We encourage others with data in other systems, especially those in newly established 
metapopulations, to use and evaluate this approach to enhance our understanding of how this 
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Figure 1.1: Spatial configuration of the 38 semi-natural pond network at Svend O. Heiberg 







































Figure 1.2: (a) An example of the colonization kernel with Pc = 0.5 given by Eq. 2 as a  
function of distance. (b) Histogram of all pairwise pond distances in our dataset using bin widths  
that reflect the dispersal kernel.  






















Figure 1.3: (a) A heatmap of the simulated pond occupancy dynamics for each of the 38 ponds  
averaged over 160 simulated weeks. Each cell represents the probability of being occupied at  
each simulated week. (b) The observed field occupancy data for each pond (red corresponding to  
occupied and blue to empty) over the 15 sampling dates (May 2011 to May 2014) are scaled to  
show weekly occupancy dynamics. (c) The difference in occupancy between model predictions  
and average observed occupancy is shown for each pond (red corresponding to over-predicted  
occupancy by the model, and blue shows the model under-predicting occupancy). (d) Simulated  
occupancy from the model (± standard deviation) is plotted with observed field occupancy data  
from the 15 sampling dates.  
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Figure 1.4: The effect of number of initially occupied ponds on regional occupancy of the  
simulated metapopulation. (a) The percent occupancy averaged over all simulations and (b) the  
coefficient of variation as a function of the number of initially occupied ponds nic. Three cases  
are considered: randomly chosen ponds (blue curve), least connected ponds (green curve) and  
most connected ponds (red curve). Histograms of the simulated metapopulation occupancy as nic  
varies appear as insets.  
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Figure 1.5: The effect of removing nrem ponds from the network of 38 ponds on regional  
occupancy of the simulated metapopulation. The percent occupancy for three different cases is  
shown: removal of least central ponds (green curve), removal of most central ponds (red line)  
and random pond removal (blue curve).  
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Figure 1.6: Percent occupancies at steady state as we vary the parameter Pc (horizontal axis) that  
controls the colonization probability and the parameter Pe (vertical axis) that controls the  
extinction probability.  


















Figure 1.7: Percent occupancies at the quasi-stationary state as a function of ponds removed from  
the network (nrem) for the case when the nrem least connected ponds are removed. The results  
from the stochastic simulations are the solid (green/red) curves and the theoretical results  
correspond to the dashed (green/red) curves.
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CHAPTER 2: NEGATIVE ASSOCIATION BETWEEN ZOOPLANKTON AND 




Interspecific variation in behavior can influence the organization and dynamics of 
ecological communities, especially in human-altered landscapes. Disentangling the relative 
importance of these individual behaviors on community structure can be difficult given the 
presence of interacting predators, competitors, and prey. We coupled the results of a field survey 
of 37 stormwater ponds with laboratory experiments to examine whether the behavior of 
ovipositing mosquitoes combined with the preferential consumption (i.e., selectivity) by a 
copepod predator explained the distribution of larval mosquito populations in the field. 
Communities were characterized in the summers of 2014 – 2017 and we observed a negative 
association between larval mosquitoes and zooplankton. We sought to explain this pattern using 
two laboratory experiments; in the first, we examined the oviposition behavior of Aedes and 
Culex mosquitoes in response to the presence or absence of zooplankton. We found that Culex 
pipiens, but not Culex restuans or Aedes mosquitoes, avoided oviposition in habitats that 
contained (or previously contained) zooplankton. In the second experiment, we examined the 
behavior of a predatory copepod (Acanthocyclops) to determine if the presence of alternative 
prey influenced consumption of Aedes and Culex larvae.  Acanthocyclops spp. selectively grazed 
on first-instar mosquito larvae even in the presence of alternative prey (Daphnia). We conclude 
that behavior of both ovipositing mosquitoes and a copepod predator shaped the distribution of 
larval mosquitoes in the field. This study further highlights the important role that an organism’s 
behavior can play in shaping the composition and dynamics of communities in natural and 




Anthropogenic changes are occurring at an unprecedented rate resulting in a massive and 
unplanned ecological experiment affecting species richness and diversity (Andrén 1994, Grimm 
et al. 2000, McKinney 2002, Alberti 2005, Venter et al. 2016). Associated with these changes are 
the creation of new habitats that are suitable for novel communities to assemble (e.g., ponds, 
parks, streams; McDonnell and Pickett 1990, Hassall 2014, Lepczyk et al. 2017, Johnson et al. 
2018).  The assembly of these habitats is often influenced by a combination of the arrival of 
passively-dispersed individuals and those that exhibit habitat-selection behavior (Lima and 
Zollner 1996, Bowler and Benton 2005, Cahill and McNickle 2011). For example, organisms 
exhibiting habitat-selection behavior may avoid colonizing habitats previously colonized by 
species that reduce their fitness; this pattern has been observed in response to predators and 
competitors in multiple systems (Resetarits 2001, Vonesh and Blaustein 2010, Lovari et al. 2013, 
Pintar and Resetarits 2017). The behavior of interacting species post-colonization also 
contributes to patterns of community structure (Östman and Chase 2007, Vonesh et al. 2009). 
For example, through the preferential consumption of one prey type over another, selective 
predators may enhance coexistence for non-selected prey at the expense of selected-prey 
populations (e.g., predator-mediated release from interspecific competition: Kesavaraju et al. 
2008, Juliano et al. 2010, Ryabov et al. 2015). Predator selectivity becomes especially interesting 
in small aquatic habitats because predation has been shown to play a major role in the structuring 
of communities in these systems (Wellborn et al. 1996, Cottenie and De Meester 2004). 
Aquatic invertebrates inhabiting small and constructed freshwater habitats (e.g., ponds 
built for the management of stormwater) are an ideal system to examine the effects of behavior 
on the spatial distribution of individual species. Common residents of these habitats include 
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amphibians, zooplankton, and insects, many of which exhibit high levels of dispersal (Schneider 
and Frost 1996, Cohen and Shurin 2003, Pinel-Alloul and Mimouni 2013, Holmes et al. 2016b). 
Included in this list are larval mosquitoes which serve as both prey to multiple predators 
(Blaustein and Chase 2007, Juliano 2009, Webb and Bashir 2013) and competitors to other 
planktonic grazers such as Daphnia (Duquesne et al. 2011). Stormwater ponds can contain both 
vertebrate (e.g., amphibians, birds, and fish) and invertebrate (e.g., insects and crustacean 
zooplankton) predators (Williams et al. 2003, Scheffer et al. 2006). These predators and 
competitors, both directly through predation and competition for limited resources, and indirectly 
through modifying behavior, decrease the abundance and alter the distribution of larval 
mosquitoes (Grill and Juliano 1996, Calliari et al. 2003, Knight et al. 2004, Blaustein and Chase 
2007, Awasthi et al. 2015). For example, ovipositing females of the genera Culex and Culiseta 
commonly avoid the physical presence and chemical signal of predatory notonectids (Kiflawi et 
al. 2003, Blaustein et al. 2004, Silberbush et al. 2014). Furthermore, high densities of the 
competitive grazer Daphnia magna has been shown to limit oviposition by Cx. pipiens 
(Duquesne et al. 2011). These indirect effects may have a significant influence on the life history 
characteristics of an organism (Schmitz et al. 1997, Walsh and Reznick 2008, Reznick et al. 
2012, Chandrasegaran et al. 2018). However, these indirect effects of predation and competition 
are not well known for all predators and competitors of larval mosquitoes, including predatory 
copepods commonly found in small aquatic systems, including stormwater ponds (but see 
Schmitz et al. 2004, Kesavaraju et al. 2008, and Juliano et al. 2010). 
Our main objective was to examine the effects of behavior on the distribution of larval 
mosquitoes in stormwater ponds. First, we conducted a multi-year field survey to characterize 
the invertebrate communities inhabiting 37 stormwater ponds. Results from this field survey 
43 
 
were then coupled with two behavioral experiments; the first examining the oviposition behavior 
of Aedes and Culex mosquitoes in response to the presence of zooplankton communities 
(including both predators and competitors). We predicted that Culex and Aedes would avoid 
oviposition in habitats that contained (or previously contained) these zooplankton assemblages. 
In the second experiment, we examined selectivity of a predatory copepod (Acanthocyclops spp.) 
to determine if the presence of alternative prey options influenced patterns of Aedes and Culex 
consumption. We selected Daphnia as the alternative prey option, as they commonly inhabit 
small freshwater ponds, including those known to harbor larval mosquitoes (Dodson and Silva-
Briano 1996, Ortells et al. 2014, Holmes et al. 2016a). Specifically, we predicted that the 
predator would preferentially feed on early-stage mosquito larvae over Daphnia, thereby 
providing a possible mechanistic explanation for the negative correlation between mosquitoes 
and zooplankton.  
 
MATERIALS AND METHODS 
Field Survey 
We characterized the invertebrate communities of 37 stormwater ponds in Champaign 
County, IL, USA. Ponds were sampled throughout the summer months (May-August) from 2014 
– 2017, resulting in 23 sampling periods. Because not all ponds contained enough water to be 
sampled at each sampling period, we collected a total of 280 samples over the four-year period. 
To sample invertebrate communities, 3 L of pond water was collected haphazardly from each 
pond using a standard mosquito dipper (350 ml; BioQuip Products, Rancho Dominguez, USA). 
Pond water was then filtered through a 70 µm sieve and all animals were preserved in 95% 
EtOH. Individuals were identified to the lowest taxonomic level possible using Merritt et al. 
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(1996), Darsie and Ward (2005), and Haney (2013). Each sample was scanned for rare taxa; taxa 
with fewer than 300 individuals were counted completely, and those with over 300 individuals 
were subsampled (a minimum of three, 2 ml subsamples following whole sample dilution to 100 
ml). For those that were subsampled, whole sample abundance for each taxa was estimated by N 
= 100 * (n1+n2+n3)/6 where n1, n2, n3 are the three subsampled abundances. 
We hypothesized that patterns observed in the field survey would be explained by both 
the pre-colonization behavior of ovipositing mosquitoes in response to the presence of a resident 
zooplankton community and the post-colonization behavior of a predatory copepod in the 
presence of alternative prey options. To test this, we conducted two separate behavioral 
experiments: 1) an oviposition choice experiment and 2) a predator choice experiment. 
 
Oviposition Choice Experiment 
To examine how the presence of a resident zooplankton community influences 
oviposition behavior in species of both Aedes and Culex, binary choice assays were conducted 
with gravid female mosquitoes. The four species used in the oviposition experiment reflected 
those whose gravid females could be readily collected from the field at the time of the 
experiment: Aedes triseriatus, Aedes japonicus, Culex pipiens, and Culex restuans. The fully 
factorial binary choice experiment included aquatic habitats containing the following treatments: 
zooplankton, kairomone (zooplankton removed immediately prior to assay), and control with the 
following binary combinations: control/zooplankton, control/kairomone, and 
zooplankton/kairomone. 
Seven days in advance of the experiment, zooplankton and control stock solutions were 
made using a combination of 75% lake and 25% pond waters that were each filtered through a 1 
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µm glass microfiber filter. The zooplankton stock received regionally collected zooplankton at 
the following densities: Ostracods – 50 ind L-1, Copepods – 30 ind L-1, Ceriodaphnia spp. – 50 
ind L-1. Densities of zooplankton used in the experiment were field-averaged values from the 
field survey in 2014 and 2015 (Fig. 2.1). Control stocks received no added zooplankton. Both 
stocks were stored at 15°C for seven days prior to the start of the experiment and received algae 
supplements of 3 x 104 cells ml-1 Ankistrodesmus falcatus (2 mg C L-1) on days 1 and 4. Because 
kairomones are chemical cues that degrade over time, the kairomone treatment was made by 
filtering out the zooplankton using a 70 µm sieve immediately prior to the start of the binary 
choice assays (< 30 minutes). 
The afternoon prior to the binary choice assays, six grass infusion baited CDC gravid 
traps (John W. Hock Company, Gainesville, FL) containing approximately 3.78 L of grass 
infusion, were placed at Trelease Woods (Urbana, IL, USA; 40.129606, -88.143649) to collect 
gravid mosquitoes. Traps were checked early the following morning to ensure maximum 
survival of the adult mosquitoes. Gravid females were then returned to the lab and Culex were 
aspirated into experimental cages (24” x 24” x 24”) containing up to 30 individuals per cage. 
Because it is difficult to enumerate oviposition events when more than one Aedes is present, 
gravid Aedes females were aspirated individually into separate 8” x 8” x 8” cages. Small (500 
ml) black square “cups” were filled with 250 ml from their respective stock infusion (control, 
zooplankton, or kairomone), randomized, and placed in opposite corners of the cages to 
maximize the distance between each cup. Because infusions were sampled from larger stock 
solutions, the environment of each treatment cup may not have been identical across trials (e.g., 
zooplankton abundance and composition in the zooplankton treatment cups may have varied 
among trials). Furthermore, given the potential importance of copepod predation on these results, 
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we ensured each zooplankton treatment cup contained at least one copepod predator of the genus 
Acanthocyclops. Cups used in the Aedes cages were lined with germination paper so that eggs 
could be collected and hatched for species identification. All cages were checked after 24 hours, 
and egg rafts (Culex), and germination papers (Aedes) were collected, distributed into separate 
50 ml conical tubes, and hatched. Hatched larvae were grown to 4th instar and individuals were 
identified to species using Darsie and Ward (2005). 
 
Predator Choice Experiment 
We investigated the consumption behavior of a predatory copepod to examine the 
potential role of this predator in driving patterns observed in the field survey. Specifically, we 
examined how the presence of alternative prey influenced the rate of larval mosquito 
consumption using 24-hour predation choice assays in which single Acanthocyclops copepods 
were exposed to equal densities of neonate Daphnia (< 12 hours old) and first-instar mosquito 
larvae (Culex or Aedes; < 12 hours old). Two species of Aedes (Aedes albopictus and Aedes 
aegypti) were used because we had access to large numbers of recently laid eggs from laboratory 
colonies. One species of Culex (Cx. pipiens) was used because egg rafts were readily available in 
the field at the time of the experiment. We also calculated predation rates on each prey group 
individually by exposing some copepod predators to only one prey type. No-predator control 
trials were simultaneously conducted to determine baseline mortality of the prey. 
Copepods identified to the genus Acanthocyclops using Haney et al. (2013) were 
collected from a local permanent pond. The day prior to the start of the trials, Culex egg rafts 
were collected from the field using grass infusion-baited 18.9 L buckets. Eggs of Ae. albopictus 
and Ae. aegypti were provided by the Medical Entomology Laboratory at the Illinois Natural 
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History Survey (Champaign, IL, USA) from laboratory-reared cultures (> 20 generations). Eggs 
and egg rafts were hatched at 25°C into a deionized water/yeast mixture. One set of trials for Ae. 
albopictus and Ae. aegypti was conducted in a 100 ml mixture of 75% lake and 25% pond waters 
that were each filtered through 1 µm glass microfiber filter. We conducted an additional set of 
trials for Ae. albopictus and Cx. pipiens in 40 ml again using a mixture of 75/25% lake and pond 
water. Total volume was reduced in the second set of trials due to the limited access to 
experimental animals and egg rafts from the field. All cyclopoid predators were starved for 12 – 
24 hours at 20°C prior to prey introductions. Even though the volume of water was not consistent 
between trials (100 ml and 40 ml), the densities of total prey were equal across experimental 
containers (1 prey ml-1). Though, this difference may have led to different prey encounter rates 
(Witt and Cáceres 2004, Turesson and Brönmark 2007).  
The day of the experiment, neonate Daphnia (< 12 hours old) and first instar mosquito 
larvae (< 12 hours old) were placed in experimental containers (150 ml beakers and 50 ml 
conical tubes for the 100 ml and 40 ml trials, respectively). Daphnia used in this study ranged 
from 0.52 to 0.74 mm (mean: 0.65 +/- 0.01). While we did not measure mosquito larvae prior to 
the start of the experiment, previous studies have documented that first instar mosquito larvae 
can range in length from 0.5 mm to 1.5 mm (Bar and Andrew 2013). Control and single-prey 
treatments were stocked with 100% of a single prey (100 or 40 Daphnia or mosquito larvae for 
the 100 ml and 40 ml trials, respectively), and the prey choice treatments received 50% of each 
prey (50 Daphnia and 50 mosquito larvae or 20 Daphnia and 20 mosquito larvae for the 100 ml 
and 40 ml trials, respectively). Following inoculation with a predator, all experimental containers 
were held at 20°C for 24 hours. Following the 24-hour experimental period, predators were 
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removed and all remaining prey were filtered through a 70 µm sieve and preserved in 95% EtOH 
until samples were counted. Any partially consumed prey were recorded as “consumed”. 
 
Analyses 
Two logistic regressions were used to investigate potential associations between 
zooplankton and mosquito larvae in the field. The first examined the association between total 
zooplankton abundance and the presence of mosquito larvae; the second examined the 
association between cyclopoid copepod abundance and the presence of mosquito larvae.  We 
also used a Kruskal-Wallis test to compare mosquito density across zooplankton density divided 
into categories of low (0 – 100 ind L-1), medium (101 – 300 ind L-1), and high (300+ ind L-1: Fig. 
A2). To determine if the physical presence of zooplankton, or their chemical signal, influenced 
oviposition behavior of Aedes and Culex mosquitoes, Fisher’s exact tests were conducted 
separately for each treatment combination (control/zooplankton, kairomone/control, and 
kairomone/zooplankton). Each oviposition event represented a unique replicate.  To reduce type 
I (false-positive) error, a Bonferroni correction was used to adjust (α) for each comparison. Due 
to low sample sizes, both species of Aedes were only assayed on the control/zooplankton 
treatment and were pooled together for statistical analyses. 
To determine whether Acanthocyclops spp. exhibited prey preference, we calculated the 
Manly-Chesson selectivity index (α) for each prey-choice trial (Manly 1974, Chesson 1978, 
1983). This index is widely used in ecological studies examining prey-choice behavior 
(Mittelbach 1988, Nilsson and Bronmark 2000, León and Bjorndal 2002, Järv et al. 2011) and is 
calculated with the formula:  
     𝛼 = (NO/"O)∑(NO/"O) 	𝑖 = 1,2,…𝑚,    (6) 
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where ri is the proportion of prey item i consumed, pi is the proportion of prey item i in the 
environment, and m is the number of prey taxa in the environment. The selectivity index (α) 
ranges from 0 (complete avoidance of prey type) to 1 (only prey type consumed; i.e., highly 
selective). With two prey types, the threshold for random feeding (i.e., no choice) is 0.5. To 
determine whether Acanthocyclops copepods exhibited selectivity behavior for each of the three 
mosquito species, we conducted separate one-sample t-tests for each species to determine 
significant deviations from the threshold of no prey selectivity (0.5). A Bonferroni correction 




We observed at least 12 mosquito species belonging to seven genera (Uranotaenia sp., 
Culiseta inornata, Orthopodomia sp., Anopheles quadrimaculatus, Psorophora columbiae, 
Aedes vexans, Aedes atropalpus, Aedes japonicus, Culex pipiens, Culex restuans, Culex 
erraticus, Culex territans) inhabiting the 37 stormwater ponds throughout the four-year field 
survey. Zooplankton were ubiquitous and abundant throughout the landscape (all but one of the 
284 samples contained at least one zooplankton individual) and were recorded at all ponds at 
least once throughout the four years of sampling. Larval mosquito populations were observed in 
39.4% of the 284 samples collected with four of the 37 ponds being devoid of mosquito larvae 
across all sample periods. Larval mosquito density was significantly lower in high-zooplankton 
density ponds than in both medium- and low- zooplankton density ponds (Fig. A2: Kruskal-
Wallis, χ2 = 7.3, df = 2, P = 0.03). Results from the logistic regression revealed that the 
probability of encountering mosquito larvae was negatively correlated with total zooplankton 
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abundance (Fig. 2.1A, F1,277 = 7.58, P = 0.006). Furthermore, no mosquito larvae were observed 
at zooplankton densities exceeding 2,077 individuals per liter (Fig. 2.1A). However, this result 
was not driven by copepods; we found no correlation between mosquito larvae 
(presence/absence) and cyclopoid copepod density (Fig. 2.1B, F1,278 = 0.11, P = 0.74). 
 
Oviposition Choice Experiment 
We collected four mosquito species from two genera for use in the oviposition choice 
experiment: Aedes triseriatus, Aedes japonicus, Culex pipiens, and Culex restuans). Mosquito 
species varied in their oviposition behavior in response to the presence of zooplankton. Gravid 
Cx. pipiens significantly avoided oviposition in cups containing a zooplankton assemblage (Fig. 
2.2A: χ2  = 9.80, df = 1, P = 0.002) and kairomones from these assemblages (Fig 2.2A: χ2  = 6.85, 
df = 1, P = 0.01), instead choosing to oviposit in control cups. When given the choice between 
cups containing zooplankton assemblages and cups containing kairomones, Cx. restuans 
exhibited no preference (Fig 2.2A: χ2  = 0.02, df = 1, P = 0.90). There was no treatment 
combination in which gravid Cx. restuans demonstrated oviposition choice (Fig 2.2B: 
control/zooplankton: χ2  = 0.05, df=1, P = 0.82, control/kairomone: χ2 = 2.77, df = 1, P = 0.10, 
kairomone/zooplankton: χ2  = 0.24, df = 1, P = 0.63). We found that gravid Aedes mosquitoes 
exhibited no choice between control and zooplankton cups (Fig 2.2C: χ2  = 0.06, df = 1, P = 
0.80). In three out of the 16 Aedes trials, the gravid females dispersed their eggs in both 
containers, a behavior referred to as skip-oviposition. These three skip-oviposition events 





Predator Choice Experiment 
In the predator-free controls, 4.5% (± 0.9% SE) of animals were lost to mortality after the 
24-hour period of the behavioral assays. There was evidence that Acanthocyclops copepods 
consumed either mosquito larvae or Daphnia neonates in all predator-containing treatments (Fig. 
2.3). In the single-prey assays, 35% (± 3.9% SE) of total prey were consumed following the 24-
hour experimental period (Fig. 2.3A), with no significant difference in the number of prey 
consumed between Daphnia-only and mosquito-only trials (t-test, t = 0.59, P = 0.56). 
Consumption of mosquito larvae ranged from 16% to 85% in Ae. albopictus, 7% to 34% in Ae. 
aegypti of total prey, and 25% (no range) in Cx. pipiens, whereas, consumption of Daphnia 
ranged from 0% to 69% of total prey (Fig. 2.3A).  
When exposed to both prey types, Acanthocyclops predators consumed similar total 
amounts of prey when compared to the single-prey trials (35.8% ± 4.0% of total prey). Individual 
predators exhibited variation in the strength of prey selectivity; Manly-Chesson α ranged from 
0.33 to 0.95 in Ae. albopictus, 039 to 0.77 in Ae. aegypti, and 0.67 to 0.77 in Cx. pipiens (Fig. 
2.3B). Despite this variation, there was evidence that when given the choice, Acanthocyclops 
predators preferred both Cx. pipiens (t-test, t = 9.53, df = 3, P = 0.001) and Ae. albopictus (t-test, 
t = 5.10, df =14, P < 0.001) over Daphnia (Fig. 2.3B). However, this pattern was not observed 
when Acanthocyclops copepods were given the choice between Ae. aegypti and Daphnia (t-test, t 
= 0.95, df = 3, P = 0.21: Fig. 2.3B).  
 
DISCUSSION 
We found a negative and significant correlation between mosquito larvae and 
zooplankton in the stormwater ponds we surveyed. Results from the behavioral experiments 
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suggest this pattern may be driven by both the behavior of ovipositing mosquitoes and post-
colonization behavior of the larval mosquito predators. However, these behaviors varied among 
species. While Culex pipiens avoided oviposition in habitats that contained, or previously 
contained, zooplankton assemblages, Culex restuans and Aedes did not exhibit this preference. In 
our laboratory predator-choice experiment, the copepod predator, Acanthocyclops spp., 
selectively grazed on first-instar mosquito larvae in the presence of alternative prey options 
(neonate Daphnia). Our results show that interspecific variation in behavior can play a 
significant role in the organization and dynamics of mosquito communities in natural and 
constructed habitats. 
Negative relationships between larval mosquitoes and other taxa in both natural and 
artificial habitats have been documented previously (Stav et al. 1999, Arav and Blaustein 2006, 
Vonesh et al. 2009). For example, in a survey of UK wetlands, Golding et al. (2015) found that 
mosquito larvae (Anopheles maculipennis and Culex modestus) were negatively correlated with 
certain predators (ditch shrimp of the genus Palaemonetes and fish [Pisces]), but not others 
(Coleoptera and Odonata). Results from the predator-choice experiment suggest that predatory 
copepods may play an important role in the patterns observed in the field study. However, the 
lack of correlation between copepods and larval mosquitoes in the field suggests they may not be 
the only species underlying this pattern. Predators and competitors may differ in their effects on 
a given system. For example, Silberbush and Resetarits (2017) found that not all predatory fish 
elicited an anti-predator response from ovipositing Culex mosquitoes. On the other hand, in a 
survey of small ephemeral ponds, Carver et al. (2010) found no negative relationship between 
mosquito density and any single taxonomic group, instead they found that mosquito density 
decreased as predator richness and the total density of other taxa increased.  
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In our system, the negative association between larval mosquitoes and zooplankton 
appears to be driven by a combination of site-avoidance behavior by ovipositing mosquitoes and 
potential post-colonization interactions of mosquito larvae with copepod predators. The ability to 
detect and avoid environmental cues that signal sub-optimal habitat conditions relies on both the 
successful detection and appropriate response to sensory information and can have significant 
advantages for an individual’s fitness (Chivers and Smith 1998, Apfelbach et al. 2005, Preisser et 
al. 2005, Liesenjohann et al. 2013). Extensive work in this area has shown that, more broadly, 
organisms can use a combination of visual, auditory, tactile, and chemosensory cues to detect 
threats in and assess fitness prospects of an environment (Bentley and Day 1989, Chivers and 
Smith 1998, Kats and Dill 1998, Hemmi 2005, Miyakawa et al. 2010). The interplay of the 
physical, chemical and physiological factors influencing mosquito oviposition behavior has been 
reviewed in Bentley and Day (1989). Previous studies have shown that a wide range of mosquito 
taxa avoid oviposition in aquatic habitats containing predators, suggesting that avoidance during 
habitat selection may play an important role in the negative association observed in the field 
survey (Stav et al. 1999, Resetarits 2001, Angelon and Petranka 2002, Blaustein et al. 2004, 
Vonesh and Blaustein 2010). 
In our oviposition experiment, Cx. pipiens strongly avoided ovipositing in habitats that 
contained, or previously contained, zooplankton communities (including at least one copepod 
predator). Results from the predator choice experiment demonstrate the consequences of failing 
to avoid these threats for Cx. pipiens. Even in the presence of alternative prey, a single 
Acanthocyclops spp. individual consumed Cx. pipiens larvae at rates exceeding 11 individuals 
per day. This finding is consistent with others who have shown that copepods are important 
predators of larval Cx. pipiens with a single copepod individual consuming > 6 mosquito larvae 
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per day (Blaustein and Margalit 1994, Calliari et al. 2003). Though we visually confirmed the 
presence of at least one Acanthocyclops predator in each zooplankton treatment of our 
oviposition trials, we are unable to determine whether avoidance behavior was attributed to the 
presence of the predator, competitors, or a combination of the two.  
We found that Cx. restuans and Aedes spp. did not avoid habitats that contained 
zooplankton assemblages or kairomones, a result that we cannot fully explain. A meta-analysis 
of mosquito oviposition studies by Vonesh and Blaustein (2010) showed a stronger effect size 
for predator avoidance behavior in Cx. restuans than in Cx. pipiens. It is worth noting, however, 
that species varied significantly in their response to different predators. While multiple predators 
were included in this review, including multiple copepod predators, studies examining 
oviposition in response to Acanthocyclops spp. were absent. Similar to Cx. pipiens, Cx. restuans 
can inhabit a wide range of larval habitats, including those developed for stormwater 
management (Irwin et al. 2008, Gardner et al. 2012). In our field survey, we found that these two 
commonly colonized the same ponds, albeit at separate times. This suggests that Cx. restuans 
were likely exposed to the same or similar threats as Cx. pipiens. The use of alternative threat-
avoidance behaviors has been observed in many animal groups (insects: Juliano 2009, 
Hernandez and Peckarsky 2014, fish: Power 1984, Romare and Hansson 2003, birds: Norrdahl 
and Korpimaki 1998, snails: Levri et al. 2012, zooplankton: Zaret and Suffern 1976, also 
reviewed in: A.S. Griffin 2006), and may address this risk in Cx. restuans. For example, Ferrari 
et al. (2008) observed that Cx. restuans reduced activity in the presence of conspecific alarm 
cues (i.e., chemical cues exuded by larval mosquitoes exposed to salamander predators).  
In a meta-analysis, Vonesh and Blaustein (2010) noted significant variation in oviposition 
response across species of Aedes with some species strongly avoiding predators (Aedes 
55 
 
taeniorhynchus), some being attracted to predators (Aedes triseriatus), and others showing no 
effect in either direction (Aedes aegypti and Aedes albopictus). Because Aedes lay eggs above 
the water line, the ability to detect predation cues may be lessened relative to other taxa which 
lay directly on the water surface (Vonesh and Blaustein 2010). However, in many of these 
studies presented for Aedes spp., multiple gravid females had access to each oviposition 
treatment (Torres-Estrada et al. 2001, Van Dam and Walton 2008). As a result, skip oviposition 
(i.e., a single gravid mosquito dispersing her eggs across multiple containers) may have occurred 
but would be difficult to assess. We observed three occurrences (out of 16 oviposition events) of 
skip oviposition in the Aedes trials. This behavior is considered a bet-hedging strategy; by 
spreading risk across multiple habitats, mothers may enhance overall fitness at the expense of 
obtaining maximum fitness (Colton et al. 2003, Fonseca et al. 2015).  
The copepod predator, Acanthocyclops spp., preferentially grazed on mosquito larvae in 
the presence of alternative prey (Li and Li 1979, Andreadis and Gere 1992). Our findings 
conflict with results by Andreadis and Gere (1992) who found that consumption of Aedes by 
Acanthocyclops vernalis significantly declined in the presence of alternative prey (newly hatched 
copepod nauplii). While some studies examine predation in the absence of alternative prey 
options (Miura and Takahashi 1988, Kay et al. 1992, Lounibos et al. 1993), the inclusion of non-
mosquito prey may modify rates of mosquito consumption by larval predators (Blaustein 1998, 
Lundkvist et al. 2003, Kumar and Rao 2003). Results from our study show that in a simple 
predator/two-prey system, two species of larval mosquitoes (Ae. albopictus and Cx. pipiens) are 
preferentially consumed over an alternative zooplankton for the copepod predator 
Acanthocyclops spp. However, mosquitoes inhabiting small freshwater ponds may co-occur with 
multiple predators and competitors that do not share this behavior (Blaustein and Chase 2007, 
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Tranchida et al. 2009, Duquesne et al. 2011, Awasthi et al. 2015, Rowbottom et al. 2015). 
Exposure to predators within these aquatic environments may also elicit predator-avoidance 
behavior (e.g., foraging time, location in the water column, movement: Zaret and Suffern 1976, 
Grill and Juliano 1996). Other unmeasured factors may also underlie this preference behavior 
(e.g., differences in capture time or prey nutrition: Li and Li 1979); however, at this time we are 
unable to account for these in the patterns observed in our laboratory experiment. 
We showed that the negative association between mosquito larvae and zooplankton 
observed in a survey of stormwater ponds were potentially explained by avoidance behavior of 
adult mosquitoes combined with post-colonization behavior of a copepod predator. However, 
this behavior was not consistent across all studied species, thereby providing further evidence 
that organisms exhibit interspecific variation in these important behavioral traits. For mosquito 
larvae inhabiting small stormwater ponds, the abundance, diversity, and distribution of 
crustacean zooplankton appear to play an important role in shaping the distribution of some 
species. When considering the design and management of stormwater ponds, efforts to promote 
crustacean zooplankton richness and diversity (e.g., enhancing landscape connectivity to regional 
ponds) may decrease mosquito populations by decreasing the quality of their juvenile habitats. 
As humans continue to modify the environment, an understanding of the ecological mechanisms 
underlying patterns of colonization and community structure in these new human-altered 
landscapes are key to predicting how this development will influence global patterns of 
biodiversity. We encourage further research on such topics in this system; these constructed and 
semi-natural environments provide an excellent opportunity to examine contemporary patterns of 
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Figure 2.1: The presence/absence of mosquito larvae from the field survey are plotted as a function 
of (A) zooplankton density and (B) cyclopoid copepod density. The red line shows the probability of 
occurrence of mosquito larvae as a function of zooplankton density as fitted by the significant 
logistic regression analysis. The arrow indicates the zooplankton density used for the oviposition 







































































































































Figure 2.2: Percentage of oviposition events in each binary choice assay is reported for each 
treatment combination (control, zooplankton infusion, kairomone infusion [zooplankton removed 
immediately prior to 24 hour trial]). Stacked bars represent the percentage of oviposition events for 
cups in each treatment combination summed across replicates (relative frequency of oviposition 
events in each cup are color-coded with the following colors: zooplankton [black bars], kairomone 
[grey bars], and control [white bars]). Each set of combinations was conducted for two species of 
Culex mosquitoes (A: Culex. pipiens, B: Culex restuans) and C: Aedes mosquitoes. The number of 
replicates (N; i.e., the number of oviposition events) is shown above each stacked bar. Significance 
using Fisher’s exact tests are indicated at the P = 0.016 (0.05/3) for each pairwise combination with 
an asterisk (*).
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Figure 2.3: A) Percentage of prey consumed is plotted (+/- SE) for single-prey trials (Aedes aegypti, 
Aedes albopictus, Culex pipiens, and Daphnia spp.). Trials conducted in 100 ml and 40 ml are 
represented with black and grey points, respectively. B) Predator preference (Manly-Chesson 
selection index, α) is plotted (+/- SE) for predator-choice experiment in which a single 
Acanthocyclops spp. is exposed to equal proportions of mosquito (Ae. aegypti, Ae. albopictus, or Cx. 
pipiens) and Daphnia spp. individuals. The dashed line at y = 0.5 represents no preference by the 
predator. The number of replicates (N) is shown aside each trial and significance using one-sample t-
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CHAPTER 3: PREDATION DIFFERENTIALLY STRUCTURES IMMATURE 
MOSQUITO ASSEMBLAGES IN STORMWATER PONDS 
 
ABSTRACT 
Understanding the factors underlying the abundance and distribution of species requires 
the consideration of a complex suite of interacting biotic and abiotic factors operating on 
multiple spatial and temporal scales. Larval mosquitoes inhabiting small human-constructed 
ponds represent a unique opportunity to investigate the relative importance of these structuring 
mechanisms while simultaneously generating applied knowledge on mosquito control. We 
conducted a multi-year field survey of 32 stormwater ponds in Central Illinois (Champaign 
County, IL, USA). From each pond, we collected data on pond structure type and hydroperiod, 
the presence/absence of cattails (Typha spp.), and measures of total nitrogen, phosphorus, and 
organic carbon, and chlorophyll a. We characterized the communities of crustacean zooplankton 
and aquatic insects and assigned these taxa into two main groups: predators and competitors of 
larval mosquitoes. Structural equation modeling was used to explore the direct and indirect 
effects of these biotic and abiotic factors on larval density for three species of culicine 
mosquitoes (Culex pipiens, Culex restuans, and Aedes vexans). Hydroperiod had an indirect 
negative effect on Cx. pipiens density. However, this effect was mediated by predator density; 
more permanent ponds had more predators, which therefore reduced the density of Cx. pipiens 
larvae. Ae. vexans density was positively correlated with predator density. We found no predictor 
variables that explained variation in Cx. restuans density. Herein, we show that the relative 
importance of these biotic and abiotic factors varies among species of culicine mosquitoes 




Understanding the processes underlying the abundance and distribution of species is a 
central goal in community ecology (Gleason 1927, Clements 1936, Hutchinson 1961, MacArthur 
and Wilson 1967, Diamond 1975, Weiher and Keddy 2001). Decades of theoretical and 
empirical work have identified the importance of environmental filtering and biotic interactions 
as contemporary structuring mechanisms underlying species’ distributions (Menge and Olson 
1990, Keddy 1992, Kraft et al. 2015). The effects of the abiotic environment may manifest prior 
to, or following, colonization of an organism in a particular habitat. Prior to colonization, the 
abiotic environment may facilitate or limit diversity by altering site-selection behavior (Bentley 
and Day 1989, Price 2010). Following colonization, physically unfavorable environments may 
limit the long-term persistence of susceptible individuals (i.e., habitat filtering; Jones 2001, 
Maire et al. 2012). Furthermore, biotic interactions (e.g., competition and predation) may further 
constrain community structure, prior to, or following, colonization by directly or indirectly 
reducing, or eliminating, some species from a habitat (Lynch 1979, Inouye et al. 1980). While 
one or a few of these processes may emerge as particularly important in explaining distributional 
patterns in certain systems, populations and communities are the product of multiple 
simultaneously acting factors (Martin 2001, Resetarits et al. 2005, Agrawal et al. 2007, 
HilleRisLambers et al. 2011, Weiher et al. 2011, Götzenberger et al. 2012). Further complicating 
our understanding of species distributions is the fact that closely related species may exhibit 
variation in their response to environmental factors, making the outcome of colonization 
processes difficult to predict in nature (Paine 1966, Tilman 1994, Dupré and Ehrlén 2002, 
Arrington et al. 2005).  
75 
 
Larval mosquitoes inhabiting small stormwater ponds (i.e., retention ponds, detention 
ponds, and drainage ditches) provide a unique opportunity to examine the relative importance of 
multiple simultaneous structuring mechanisms on population dynamics and how these 
mechanisms differentially affect species. Stormwater ponds are an ideal system given their small 
size, discrete borders, simple and tractable species assemblages, and their ability to support 
mosquito larvae (Gingrich et al. 2006, Hassall and Anderson 2015). In most of the developed 
world, the creation of small and variable ponds resulting from stormwater management practices 
has increased the amount of suitable habitats available for mosquito breeding and larval 
development (Karpiscak et al. 2004, Tixier et al. 2011). The larval period is an important life 
stage in the mosquito life cycle (Ferguson et al. 2010), as it serves as a key link between the 
ecology of the pre-larval stages (i.e., adult oviposition behavior, embryonic development, and 
hatching success) and the production of pupal and adult life-stages, the latter of which can vector 
a multitude of human diseases (Keating et al. 2004, Carlson et al. 2004).  
Structural equation modeling (SEM) has emerged as a powerful statistical analysis that 
allows for the simultaneous evaluation of the plausible relationships in multivariate datasets to 
generate causal inferences about observed patterns and mechanisms of interest (Arhonditsis et al. 
2006, Joseph and Preston 2016). Based on hypothesized relationships established a priori, SEM 
uses a combination of confirmatory factor analysis (a form of factor analysis that assesses how 
well the actual data fit a pre-specified factor structure) and multiple regression to reproduce the 
covariance structure of the observed data to simultaneously assess competing hypotheses 
(Ullman 2007). Similar to path analysis, SEM provides parameter estimates of the direct and 
indirect effects between observed variables. As a result, SEM is a powerful and flexible 
statistical approach that can allow ecologists to statistically disentangle the relative importance of 
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multiple direct and indirect effects on complex ecological patterns, such as community structure 
(Alsterberg et al. 2013).  
 
Variable selection 
We used SEM to test two hypotheses that relate the abundance of mosquito larvae to 
biotic and abiotic predictor variables in small stormwater ponds. Previous work in this system 
has revealed the importance of both biotic interactions and the abiotic environment in shaping 
the abundance and distribution of mosquito larvae (Juliano 1998, Carver et al. 2010, Coon et al. 
2016, Bohenek et al. 2017). Larval mosquitoes coexist with a wide variety of other aquatic plant 
and animal species, including crustacean zooplankton, that can impact mosquito population 
dynamics in these ponds (Griswold and Lounibos 2005, Pinel-Alloul and Mimouni 2013). 
Specifically, predation and competition by zooplankton have been identified as important factors 
regulating mosquito populations in field and laboratory studies (Knight et al. 2004, Blaustein and 
Chase 2007, Vonesh and Blaustein 2010, Duquesne et al. 2011). Given their dynamics are 
intimately linked to that of their food resources (e.g., bacteria and algae), mosquito larvae may 
be indirectly influenced by those abiotic factors (e.g., inorganic nutrient availability, 
hydroperiod, etc.) that drive the quality, abundance, and accessibility of these resources (Merritt 
et al. 1992). The organic matter produced by macrophytic vegetation commonly found in these 
stormwater ponds (e.g., cattails) may also stimulate mosquito population growth (Walton and 
Jiannino 2005, Mackay et al. 2016), as this matter serves as an important food resource for 
mosquito larvae. SEM provides a suitable framework to address and disentangle the relative 
importance of these factors from field-collected data, a task difficult to accomplish 
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experimentally given the abundance of and potential complex interactions among these multiple 
structuring factors.  
The aims of this study were to 1) determine whether measurable direct and indirect 
effects of the larval rearing environment could explain larval culicine abundance in a set of 32 
stormwater ponds and 2) determine how these effects differ between three abundant taxa. We 
tested the following hypotheses: 
1) Increased hydroperiod (i.e., retention ponds and permanent drainage ditches)  
  would foster greater densities of predators and competitors, resulting in lower  
  densities of larval mosquitoes. 
2) Increased levels of inorganic nutrients (i.e., total nitrogen (TN) and total   
  phosphorus (TP)) and food resources added through the decomposition of organic 
  matter from cattails (Typha spp.) would have a positive indirect effect on larval  
  abundance by increasing the abundance of algal (chlorophyll a) and bacterial food 
  resources (total organic carbon as a proxy). 
We tested these hypotheses in three different mosquito species (Culex pipiens, Culex 
restuans, and Aedes vexans) and expected that species would vary based on differences in 
ecology and dispersal behavior (Vonesh and Blaustein 2010).  
 
MATERIALS AND METHODS 
Field survey 
We surveyed 32 stormwater ponds in Champaign County, IL, USA during the summers 
(May – August) of 2014 – 2017. For the purpose of statistical analyses, ponds were categorized 
according to their design for stormwater management: retention ponds, ditches, and detention 
78 
 
ponds (Wanielista and Yousef 1993, National Research Council 2008). Retention ponds are 
designed to collect and retain stormwater runoff (i.e., high permanence), detention ponds to 
collect and temporarily store stormwater, and drainage ditches to transport stormwater (can be 
designed to be either temporary or permanent). Differences in these designs resulted in variation 
in overall size and pond permanence (i.e., hydroperiod), which we captured through a weekly 
hydroperiod survey from May – August of 2016 and 2017. A single hydroperiod value (ranging 
from 0 = always empty to 1 = permanent) was calculated for each pond by averaging the number 
of times a pond was empty (0) or with water (1) across the 26 observation dates in the 
hydroperiod survey. 
Invertebrate communities were sampled every two weeks throughout the summers (May 
– August) of 2014 – 2017; in total we had 23 sampling periods across all four years. To 
characterize communities, 3 L of pond water was collected haphazardly from the edge of each 
pond using a standard 350 ml mosquito dipper, filtered through a 70 µm sieve, and all animals 
were preserved in 95% EtOH. Samples were only collected if each pond contained at least 3 L of 
water. Individuals were identified to the lowest taxonomic level possible using Merritt et al. 
(1996), Darsie and Ward (2005), and Haney (2013). Each sample was scanned for rare taxa; taxa 
with fewer than 300 individuals were counted completely, and those with over 300 individuals 
were subsampled (a minimum of three, 2 ml subsamples following whole sample dilution to 100 
ml). For those that were subsampled, whole sample abundance for each taxa was estimated by N 
= 100 * (n1+n2+n3)/6 where n1, n2, n3 are the three subsampled abundances. Due to the 
ephemeral nature of these ponds, we were unable to collect samples from all ponds on all sample 
dates; in total we collected 280 samples over the four-year period.  
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The three mosquito species that were most abundant during the field survey were selected 
for use as our single response variables in the three separate structural equation models (Aedes 
vexans, Culex pipiens, and Culex restuans). Non-mosquito taxa were divided into two groups, 
predators and competitors, based on the taxon’s previously documented, or supposed, 
relationships to larval mosquitoes by the authors (Table A1; Baldwin et al. 1955, Quiroz-
Martinez et al. 2007, Shaalan and Canyon 2009, Duquesne et al. 2011). The presence or absence 
of cattails (Typha spp.) was used in the SEM as cattails were the dominant emergent 
macrophytes in the ponds during the field survey. Using a visual survey during one sampling 
period in July 2016, the presence or absence of cattails (Typha spp.) was recorded for all 32 
stormwater ponds. Visual surveys were conducted alongside bi-weekly community sampling in 
2016 and 2017, and we found no changes to these initial observations.  
Total nitrogen (TN), phosphorus (TP), and organic carbon (TOC) measurements were 
collected from bi-weekly water column samples for 11 sampling periods across 2015 and 2017. 
Measures of TOC, which served as a proxy for bacterial biomass, and TN, an important nutrient 
source for the growth of phytoplankton, were obtained for each pond using a TOC/TN-VCPH 
analyzer (Shimadzu Corporation, Kyoto, Japan). TP measurements, another important nutrient 
source for plankton, were collected using the molybdate, ascorbic acid, and antimony method 
outlined in Wetzel and Likens (2000). Chlorophyll a concentrations (Chl a) were obtained by 
first filtering a known volume of pond water through Whatman GF/F glass fiber filters, 
extracting the chlorophyll using 100% ethanol for 24 hours, and measuring fluorescence on a 
Turner Biosystems Trilogy fluorometer (Turner Biosystems, Sunnyvale, CA, USA; Sartory and 
Grobbelaar 1984). For each environmental variable above, measurements were averaged across 
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all sampling periods to produce a single value for each pond (Table 3.1). We used mean values 
for environmental variables in which missing data were encountered. 
 
Data analysis 
Structural equation modeling (SEM) is a statistical method closely related to regression 
analysis but is superior for complex datasets as SEM tests the relationships between all variables 
simultaneously (Bollen 2005, Grace 2006). Because this approach does not allow for us to 
examine temporal relationships among these variables, temporal samples for each variable (e.g., 
TN) were collapsed (using methods in “Field survey”) into a single measurement for each pond 
for use in the SEM. We used SEM to evaluate the direct and indirect effects of the rearing 
environment on larval populations of Ae. vexans, Cx. pipiens, and Cx. restuans mosquitoes 
inhabiting stormwater ponds. The causal network structure illustrated in Figure 3.1 denotes the 
hypothesized relationships between variables influencing larval mosquito density. This structure 
was specified based on previous relationships documented in the literature (for justification of 
variable selection and the proposed structure, please see “variable selection”). This structure was 
determined a priori and was fixed across analyses for all three mosquito species (Cx. pipiens, Cx. 
restuans, and Ae. vexans). In the model, we included three exogenous predictor variables 
(structure type [retention pond, detention pond, or drainage ditch], TN [mean], and TP [mean]), 
six measured endogenous variables (hydroperiod, cattail [presence or absence], chlorophyll a 
[mean], total organic carbon [mean], predator density, competitor density, and a single response 
variable (mosquito density)). Natural-log transformations were sufficient to linearize the 
relationships between taxa count data for analyses in the SEM. To this end, predator, competitor, 
and mosquito densities were summed across all sample dates for each pond and the totals were 
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natural log-transformed. Three separate SEM’s were conducted, one for each species of 
mosquito. The three SEM analyses were conducted using R package lavaan (version 0.5-23: 
Rosseel 2012). We tested the adequacy of these models to fit the data using maximum likelihood 
estimation and χ2 tests as outlined in (Grace 2006). In SEM analysis, a good model fit is 
indicated by a non-significant χ2 parameter estimate, which demonstrates good quantitative 
agreement between observed and model covariance matrices. For all three species, we found that 
our conceptual model adequately described the data, which allowed us to draw conclusions about 
the nature of these modeled interactions (Cx. pipiens: χ2 = 27.8, df = 22, p = 0.18, Cx. restuans: 
χ2 = 28.9, df = 22, p = 0.15, Ae. vexans: χ2 = 27.9, df = 22, p = 0.18).  
 
RESULTS 
We found that relatively few factors explained patterns of larval mosquito density in the 
field across the wide range of biotic and abiotic variables examined in our study and that these 
factors differed among mosquito species. Of the 20 paths present in the model, we found five 
significant interactions across two models (Culex pipiens and Aedes vexans) and four significant 
interactions across the third (Culex restuans; Fig. 3.1). Furthermore, the importance of these 
factors differed for each species of mosquito. Our models explained a significant percentage of 
the variance in larval mosquito density (R2 = 26%, 35%, and 43% of the variance in Cx. pipiens, 
Cx. restuans, and Ae. vexans density, respectively). Of the 10 variables examined, predator 
density was the sole direct predictor of Cx. pipiens and Ae. vexans densities, whereas Cx. 
restuans had no significant predictor variables (Fig. 3.1). We found a negative and indirect effect 
of hydroperiod on Cx. pipiens density; however, this was driven by an increase in predator 
density with increasing hydroperiod (z = -1.96, p = 0.05; Figs. 3.1A and 3.2A). This pattern was 
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reversed for Ae. vexans, with larvae being more abundant in ponds with high densities of 
predators (z = 2.05, p = 0.04; Figs. 3.1C and 3.2C). However, it is important to note that this 
result was primarily driven by three ponds with high densities of both predators and Ae. vexans 
larvae (Fig. 3.2B. We found no effect of predator density on Cx. restuans (z = 0.50, p = 0.62; 
Figs. 3.1B and 3.2B).  
Across all three SEM’s, mosquito predator and competitor densities were positively 
correlated with hydroperiod (predator: z = 2.35, p = 0.02; competitor: z = 3.7, p < 0.001; Figs. 
3.1 and 3.3). Chlorophyll a (Chl a), which served as our proxy for algal resources, was positively 
correlated with competitor density (z = 4.06, p < 0.001; Fig. 3.1). Additionally, we found a 
positive correlation between total organic carbon (TOC), which served as our proxy for bacterial 
resources, and total phosphorus (TP; z = 5.60, p < 0.001; Fig. 3.1). The lack of correlation 
between TOC and Chl a further highlights the suitability of TOC as a proxy for bacterial 
abundance; TOC was not driven by the abundance of phytoplankton (Fig. 3.3). 
 
DISCUSSION 
Our findings highlight the importance of hydroperiod and predation in predicting the 
density of larval mosquitoes inhabiting stormwater ponds. Furthermore, we show how the 
importance of these factors can vary significantly among mosquito species. For Culex pipiens, a 
longer pond hydroperiod indirectly drove a decrease in larval density. This pattern was driven by 
more permanent ponds having, on average, higher predator densities than temporary ponds. 
Though we found a significant effect of predator density on Aedes vexans density, it was in the 
opposite direction of what we expected (Ae. vexans were positively correlated with predator 
density). Culex restuans density was predicted neither by predator density nor hydroperiod.  
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Hydroperiod has been shown to be an important factor controlling larval mosquito 
populations (Pritchard and Scholefield 1983, Schäfer and Lundström 2006, Ellis et al. 2006), as 
well as other invertebrate and vertebrate populations inhabiting small aquatic habitats (Chase 
2007, McCauley et al. 2008, Anderson et al. 2015). However, we have shown this effect to be 
primarily mediated by an increase in predator density, a finding replicated in other studies 
(Batzer 1996, Resetarits 1996, Chase and Knight 2003, Rubbo et al. 2011; but see Westby and 
Juliano 2017). A longer hydroperiod can facilitate greater abundances and a more diverse 
assemblage of both predators and competitors (including crustaceans, insects, and vertebrates) in 
ponds (McCauley et al. 2008), with both potentially suppressing larval mosquito and other prey 
populations. Though we partially support this claim through our findings that hydroperiod had a 
negative indirect effect on Cx. pipiens density (i.e., more permanent ponds had fewer larvae), 
results from our study show that mosquito species can vary in this pattern as we found no effect 
of either hydroperiod or predator density on Cx. restuans density, and a positive association 
between predator and Ae. vexans densities. Westby and Juliano (2017) found that the effect of 
hydroperiod on mosquito larval abundance was not mediated by predator abundance. However, 
Westby and Juliano found no difference in predator abundance across hydroperiod treatments, a 
difference we did observe in our system. Furthermore, Westby and Juliano only examined a 
single predator (Toxorhynchites rutilus); previous work has widely documented interspecific 
variation in predator behavior. As a result, the identity of the predator may affect the outcome of 
these interactions (Carver et al. 2010, Silberbush and Resetarits 2017).  
The direct and indirect effects of predation have been widely documented for multiple 
mosquito species (Vonesh and Blaustein 2010). The consumption of larvae by insect and 
crustacean predators can significantly suppress mosquito populations, especially in small habitats 
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(Calliari et al. 2003, Mandal et al. 2008). However, in our study, this effect was inconsistent 
across mosquito species. Previous work in this system has shown that predators exhibit 
selectivity behavior; the copepod predator Acanthocyclops spp. preferentially grazed on both 
Culex and Aedes larvae in the presence of alternative crustacean prey (Chapter 2). It is possible 
that the patterns we observed in our field survey were driven by either selectivity of the 
predator(s) present in our system, or by different mosquito species varying in their anti-predator 
behaviors (Roberts 2014). Prey may avoid colonizing habitats that contain predators (Stav et al. 
1999, Resetarits 2001, Angelon and Petranka 2002, Vonesh and Blaustein 2010). Vonesh and 
Blaustein (2010) showed extensive interspecific variation in this anti-predator colonization 
behavior in ovipositing mosquitoes. We suspect pre-colonization behavior is playing a major role 
in the patterns observed in our study; in previous work, we found that Cx. pipiens but not Cx. 
restuans or Aedes spp. avoided ovipositing in habitats that contained zooplankton predators and 
competitors, as well as their chemical cues (Chapter 2).  
The cost of failing to avoid predators can be high for ovipositing mosquitoes; we 
previously documented that predation rates by a single Acanthocyclops spp. individual can 
exceed 11 mosquito larvae per day (Chapter 2; 6.1 individuals per day in Calliari et al. 2003). 
Given the ubiquity and abundance of this predator in the landscape, larval consumption may 
have also driven this negative relationship between Cx. pipiens and predator densities. 
Alternative behaviors that allow larvae to avoid predators following colonization may have 
allowed Cx. restuans and Ae. vexans to coexist with predators in these habitats, though there is 
limited evidence for this type of behavior in Ae. vexans. In Cx. restuans, Ferrari et al. (2008) 
observed that larvae reduced activity in the presence of conspecific alarm cues (i.e., chemical 
cues exuded by larval mosquitoes exposed to salamander predators). Furthermore, the positive 
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association between Ae. vexans and predator densities may also be an artifact of both being 
positively associated with an unmeasured factor in our study. For example, others have shown 
that Aedes spp. can be associated with multiple variables that we did not measure in our system 
(e.g., canopy coverage and composition, surface area, water turbidity, water depth, and substrate 
type; Beier et al. 1983, Li et al. 2014). Although we suggest that predation plays an important, 
albeit differential, role in determining the abundance of the three species examined, we cannot 
rule out the potential effects of unmeasured environmental variables on the observed field 
associations. 
We found no correlation between resource abundance (i.e., algal and bacterial) and 
mosquito density for any of the three species examined and conclude that resources are likely not 
limiting mosquito populations in these ponds. Stormwater ponds can be nutrient rich compared 
to other aquatic systems (Wu et al. 2006). While we found a wide range in the concentration of 
TP and TN, average values for each were high and all were above the minimum value to support 
the growth of freshwater algae (Table 3.1; Grover 1989, Correll 1998) and also well exceed EPA 
guidelines for lake and reservoir waters (Cullum et al. 2006).  Additional nutrient enrichment 
may have occurred following decomposition of aquatic macrophytes (Berkelhamer and Bradley 
1989). In a study of Culex mosquitoes in stormwater ponds, MacKay et al. (2016) found that 
plant clippings deposited following mowing resulted in an increase in larval abundance. While 
management may have varied among ponds, no macrophytes were mowed or removed across all 
four years of study. Our findings suggest that larval mosquito populations are likely not limited 
by the availability of algae and bacteria in the stormwater ponds presented herein. 
The biotic and environmental variables selected for use in the SEM have been previously 
documented for their importance in determining the abundance and distribution of mosquito 
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larvae (Khawaled et al. 1989, Urabe et al. 2002, Bohonak and Jenkins 2003, Hillebrand 2005, 
Duquesne et al. 2011, Schriever 2015). However, variables that we did not include in the model 
may have had important consequences for these dynamics as well. Other unexamined factors that 
may be important in predicting mosquito dynamics include, canopy coverage and composition, 
surrounding and submerged vegetation, water turbidity, pond shape and surface area, water 
depth, and substrate type (Beier et al. 1983, Li et al. 2014, Gardner et al. 2015). For example, 
surrounding and submerged vegetation (e.g., duckweed, hyacinth, black willow, invasive shrubs) 
may reduce or enhance habitat attractiveness to graving female mosquitoes and its ability to 
support larval survival and development  (Angerilli 1980, Ameen et al. 1999, Gardner et al. 
2015). Furthermore, pond surface area may also affect the abundance and distribution of 
mosquitoes in the landscape, as well as their predators and competitors (though, the effect of 
surface area may have been partially captured by structure type in the SEM [e.g., retention ponds 
were always larger than drainage and detention ponds]; Fischer and Schweigmann 2004, Frisch 
et al. 2012). Specifically, larger ponds may facilitate higher species richness and overall 
abundance by increasing colonization by both active and passively dispersing invertebrates 
(King et al. 1996, Rundle et al. 2002, Vanschoenwinkel et al. 2009, Frisch et al. 2012). Because 
these small aquatic systems are influenced by a multitude of factors operating at various spatial 
and temporal scales, we encourage further investigation of potential factors that may explain this 
inter-specific variation in mosquito dynamics. 
Our study did not examine the spatio-temporal dynamics of these interactions, but 
previous research has shown the importance of historical processes and context in shaping the 
abundance and distribution of organisms in nature (Holt 1993, Kardol et al. 2007, Fukami 2015). 
We used an averaging-snapshot approach (e.g., multiple dates were averaged to create a single 
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value for each variable for each pond) to gain insights as to how, more generally, the complex 
interplay between the biotic and abiotic environment drives larval mosquito populations in the 
field; ponds were sampled on multiple dates but we collapsed this temporal variation by 
averaging (or summing) each variable over time. This is a method commonly employed by 
ecological studies that use SEM, as these analyses are data intensive and may be significantly 
impacted by missing data (Laughlin 2011, Prugh and Brashares 2012). However, we 
acknowledge the potential effects of historical contingency on the observed patterns in the field 
survey and encourage future empirical studies to consider temporal processes when seeking to 
disentangle these various structuring mechanisms. 
Stormwater ponds present a unique opportunity to study the ecological processes 
underlying the dynamics of populations and communities in semi-natural systems. The complex 
interplay between the biotic and abiotic environment processes structuring natural populations 
and communities has been shown through extensive empirical and theoretical work in a variety 
of systems (Holyoak et al. 2005, Agrawal et al. 2007, Weiher et al. 2011, Mittelbach and 
Schemske 2015). Previous work in small aquatic habitats have provided mixed results regarding 
the relative importance of select biotic and abiotic processes on dynamics of focal populations 
and whole communities (Schneider and Frost 1996, King et al. 1996, Westby and Juliano 2017). 
Using structural equation modeling, found that the three species examined were differentially 
shaped by the various ecological factors examined. While our results have provided valuable 
insights to the biotic and abiotic processes structuring three species of larval mosquito 
populations in stormwater ponds, the field of vector ecology would benefit from further studies 
on the complex multivariate relationships between populations of larval mosquitoes and their 
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complex and dynamic environments across a wider range of natural and artificial aquatic habitats 
(e.g., tree holes, containers, catch basins, natural ponds, etc.). 
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TABLE AND FIGURES 
 
Table 3.1: Coordinates and environmental data are shown for each pond. Data ranges are 
reported alongside mean values for total nitrogen, total phosphorus, total organic carbon, and 
chlorophyll a. Missing values were imputed using column averages and are designated with an 























40°7'52.1"	N	-	88°14'22.8"	W Detention	Pond 0.08 0.76 0.5 13 0.59 Absent
40°7'50.3"	N	-	88°14'26.9"	W Detention	Pond 0.08 0.72 0.31 10.13 1.54 Absent
40°7'58.6"	N	-	88°15'1.1"	W Detention	Pond 0.08 0.56 0.05 9.34 9.53* Present
40°5'47.6"	N	-	88°13'59.0"	W Detention	Pond 0.15 1.39 0.2 16.51 5.83 Present
40°5'45.7"	N	-	88°13'58.4"	W Detention	Pond 0.31 2.12	(1.58	-	2.66) 1.3 14.09	(7.62	-	20.57) 9.53* Present
40°8'23.0"N	-	88°11'36.7"	W Detention	Pond 0.46 1.32	(1.25	-	1.4) 0.36	(0.11	-	0.52) 17.07	(16.4	-	17.92) 7.37	(2.64	-	12.09) Present
40°7'53.6"	N	-	88°9'46.8"	W Drainage	Ditch 0.46 1.38* 0.35* 10.22* 9.53* Absent
40°4'59.8"	N	-	88°13'56.6"	W Drainage	Ditch 0.67 2.28	(0.51	-	4.18) 0.36	(0.19	-	0.46) 5.83	(4.53	-	7.7) 3.63	(1.88	-	6.29) Present
40°7'7.1"	N	-	88°16'57.1"	W Drainage	Ditch 0.77 0.6	(0.57	-	0.63) 0.37 6.77	(5.34	-	8.19) 3 Present
40°5'39.3"	N	-	88°14'29.9"	W Detention	Pond 0.83 0.53	(0.46	-	0.6) 0.07 8.66	(5.26	-	12.05) 9.53* Present
40°6'48.4"	N	-	88°9'56.2"	W Drainage	Ditch 0.85 0.87	(0.39	-	1.34) 0.39	(0.13	-	0.78) 9.3	(4.01	-	13.16) 1.65 Present
40°5'3.6"	N	-	88°13'8.8"	W Drainage	Ditch 0.85 1.92	(0.94	-	5.08) 0.77	(0.25	-	1) 10.43	(6.65	-	18.74) 9.6	(9.16	-	10.03) Absent
40°7'15.4"	N	-	88°18'25.5"	W Detention	Pond 0.92 0.51 0.35* 18.26 9.53* Present
40°6'48.2"	N	-	88°19'0.3"	W Drainage	Ditch 0.92 0.62	(0.42	-	0.72) 0.26	(0.09	-	0.56) 7.22	(4.26	-	9.23) 17.34	(9.42	-	25.27) Present
40°6'56.0"	N	-	88°11'3.1"	W Drainage	Ditch 0.92 0.55	(0.33	-	1.11) 0.18	(0.04	-	0.44) 7.82	(3.52	-	11.48) 25.27 Present
40°6'55.6"	N	-	88°9'45.9"	W Drainage	Ditch 0.92 2.29	(1.01	-	5.47) 0.97	(0.48	-	2.02) 17.05	(14.87	-	19.84) 6.07	(1.83	-	10.3) Absent
40°6'32.8"	N	-	88°10'39.2"	W Retention	Pond 1 3.23	(0.45	-	9.89) 1.08	(0.18	-	2.21) 28.09	(8.39	-	94.59) 18.75	(2.96	-	34.55) Present
40°4'6.4"	N	-	88°18'52.3"	W Retention	Pond 1 0.64	(0.35	-	1.07) 0.07	(0.04	-	0.1) 7.86	(5.39	-	10.72) 9.53* Absent
40°6'45.9"	N	-	88°9'57.8"	W Detention	Pond 1 1.01	(0.5	-	1.87) 0.08	(0.02	-	0.18) 5.64	(3.19	-	8.61) 1.12	(0.17	-	1.84) Present
40°6'47.4"	N	-	88°9'57.2"	W Drainage	Ditch 1 1.62	(0.41	-	2.84) 0.34	(0.09	-	0.7) 5.75	(3.27	-	9.58) 32.72	(0.41	-	95.65) Present
40°6'46.9"	N	-	88°9'39.2"	W Drainage	Ditch 1 0.89	(0.59	-	1.33) 0.46	(0.08	-	0.9) 5.76	(4.47	-	6.97) 19.05	(5.8	-	34.83) Present
40°4'52.7"	N	-	88°11'18.0"	W Retention	Pond 1 1.5	(0.67	-	4.92) 0.34	(0.03	-	0.78) 9.49	(6.18	-	13.25) 8.28	(2.95	-	13.61) Absent
40°7'53.2"	N	-	88°17'9.5"	W Drainage	Ditch 1 0.89	(0.45	-	1.63) 0.11	(0.05	-	0.17) 6.38	(3.14	-	7.64) 5.25 Absent
40°8'0.8"	N	-	88°17'14.9"	W Retention	Pond 1 0.68	(0.42	-	1.34) 0.07	(0.05	-	0.1) 6.42	(4.01	-	8.96) 22.84	(18.61	-	27.07) Absent
40°7'31.0"	N	-	88°14'59.6"	W Detention	Pond 1 2.52	(1.97	-	3.28) 0.37	(0.29	-	0.45) 16.83	(7.43	-	22.8) 7.81 Absent
40°5'48.3"	N	-	88°13'54.9"	W Detention	Pond 1 1.52	(0.82	-	2.92) 0.31	(0.05	-	0.84) 9.8	(4.79	-	30.78) 0.39	(0.38	-	0.4) Absent
40°7'58.7"	N	-	88°15'3.1"	W Detention	Pond 1 0.9	(0.65	-	1.58) 0.1	(0.06	-	0.13) 6.4	(5.29	-	7.52) 9.53* Present
40°4'21.0"	N	-	88°18'16.3"	W Detention	Pond 1 4.36	(0.84	-	8.61) 0.17	(0.05	-	0.38) 5.56	(1.32	-	8.54) 9.53* Absent
40°6'48.7"	N	-	88°9'47.9"	W Drainage	Ditch 1 1.03	(0.61	-	1.44) 0.33	(0.11	-	0.94) 6.93	(4.96	-	9.08) 9.53* Present
40°8'0.6"	N	-	88°6'51.0"	W Drainage	Ditch 1 1.49	(0.44	-	2.56) 0.12	(0.03	-	0.37) 5.59	(3.14	-	7.54) 4.91 Present
40°4'55.9"	N	-	88°11'12.5"	W Retention	Pond 1 1.58	(0.89	-	2.61) 0.29	(0.18	-	0.41) 10.48	(6.06	-	15.56) 9.53* Absent




Figure 3.1: Structural equation models used to assess the direct and indirect effects of pond 
environment on larval mosquito populations. Three separate models were run for each species of  
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Figure 3.1 (cont.)  
mosquito (A. Culex pipiens, B. Culex restuans, C. Aedes vexans). The model uses pond structure 
type [categorical], total nitrogen (TN) [mean], and total phosphorus (TP) [mean], as the three 
exogenous predictor variables and 7 measured endogenous variables (hydroperiod, cattail 
[presence or absence], chlorophyll a [mean], total organic carbon [mean], predator density, 
competitor density. Numbers on bolded arrows are standardized path coefficients and are only 




Figure 3.2: Mean mosquito density (ind / L) plotted against mean predator density (ind / L) for 
A. Culex pipiens, B. Culex restuans, and C. Aedes vexans for each pond. All variables were 
natural log-transformed. SEM predicted a significant negative relationship for Cx. pipiens, and a 
significant positive relationship for Ae. vexans. However, the latter result was primarily driven 
by three ponds having high densities of both predators and mosquitoes. 

































































































































Figure 3.3. Bivariate correlation heat map between variables included in all three structural 
equation models. Blue and white indicate a negative or no correlation; red indicate a positive 
correlation. Shown are the correlations between Culex pipiens density (natural log-transformed), 
Culex restuans density (natural log-transformed), Aedes vexans density (natural log-
transformed), mosquito competitor density (natural log-transformed), mosquito predator density 
(natural log-transformed), structure (retention pond, detention pond, or drainage ditch), total  




































































































Figure 3.3 (cont.)  
nitrogen (TN), total phosphorus (TP), cattails (presence/absence), total organic carbon (TOC; 
proxy for bacterial resources), hydroperiod (ranging from 0 [never containing water] to 1 [always 
containing water]), and chlorophyll a (ChlA; proxy for algal resources). Significant correlations 
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APPENDIX A: SUPPLEMENTAL TABLE AND FIGURES 
 
Table A1: Categorization of each invertebrate taxa used in the structural equation. 
  
Competitors Predators
Suborder Family Species Species















Order Family Species Species
Calanoida Diaptomidae Skistodiaptomus spp.
Cyclopoida Cyclopoidae Ectocyclops phaleratus Acanthocyclops spp.




















Figure A1: The effect of regional colonization is shown for the stochastic simulations (blue) ± 
standard deviation and the ODE (pink). Percent occupancy increases with regional colonization 
for our network of N = 38 ponds.  
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Figure A2: Larval mosquito density (ind/L) is plotted against zooplankton density (divided into 
three density categories: low [0-100 ind/L], medium [101-350 ind/L], and high [350+ ind/L]). 
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